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Cardiovascular disease (CVD) is the leading cause of death worldwide. Regular 
exercise training can positively influence risk factors for CVD; however, the optimal 
training modality is unknown. Single-leg cycling allows greater leg blood flow and 
muscle-specific oxygen consumption resulting in higher localised intensity, when 
compared with double-leg cycling, and therefore could provide superior benefits to CVD 
risk factor profile. Within this thesis, three studies were conducted to examine the 
haemodynamic responses to sequential single-leg cycling (i.e. both legs exercised 
independently within a single session) and the chronic impact of this modality on common 
risk factors for CVD. Study One (Chapter Four) investigated the haemodynamic 
responses of the active and inactive legs during sequential single-leg (12 1-min single-leg 
maximal effort intervals interspersed with one minute of passive recovery (six with one 
leg followed by six with the other leg)) and double-leg cycling (six 1-min double-leg 
maximal effort intervals interspersed with one minute of passive recovery) in a young 
healthy population. Study Two (Chapter Five) examined the acute central and peripheral 
haemodynamic responses of healthy middle-aged adults to sequential single-leg (20 (ten 
with each leg) 30-second single-leg intervals at a rating of perceived exertion (RPE) of 
15-17 interspersed with 60 seconds passive recovery) and double-leg (ten 30-second 
double-leg intervals at a RPE of 15-17 interspersed with 60 seconds passive recovery) 
interval cycling. Study Three (Chapter Six) assessed the effects of eight weeks of cycle 
training, using moderate intensity double-leg continuous cycling (MCTDL; cycled 
continuously for 40 minutes at an RPE 11-13 using double-leg cycling), high intensity 
double-leg interval cycling (HITDL; twenty 30-second double-leg intervals at a RPE 15-
17 separated by 60 seconds of passive recovery) or high intensity sequential single-leg 
interval cycling (HITSL: forty (twenty with each leg) 30-second single-leg intervals at a 
 
viii 
RPE of 15-17 interspersed with 60 seconds passive recovery), on CVD risk factors in 
healthy middle-aged adults.  
In a young healthy population (Chapter Four), mean arterial pressure was higher 
during the initial compared with second set of single-leg intervals (108 ± 10 mmHg vs. 
101 ± 10 mmHg; p<0.05). Furthermore, the pattern of change in muscle blood volume 
from the initial to second set of intervals was different (p<0.05) when the leg was active 
in the initial (-52.3 ± 111.6%) compared with second set (65.1 ± 152.9%). Differences in 
mean arterial pressure and blood volume distribution during sequential single-leg cycling 
indicates the presence of a leg order effect. Consistent with previous single-leg cycling 
studies in young healthy adults, the power output produced per leg was higher (p<0.01) 
during single-leg (176 ± 52 W) compared with double-leg (145 ± 38 W) interval cycling 
which confirms the higher localised intensity associated with this modality. 
 In contrast to the findings in younger adults in Chapter Four, power output 
normalised to the active muscle mass was lower during single-leg compared with double-
leg cycling (single-leg: 8.92 ± 1.74 W∙kg-1 and double-leg: 10.41 ± 3.22 W∙kg-1; p<0.05) 
in a healthy middle-aged population (Chapter Five). This was despite the greater 
normalised cardiac output (single-leg: 1407 ± 334 mL∙kg-1∙min-1 and double-leg: 850 ± 
222 mL∙kg-1∙min-1; p<0.01) indicating surplus blood was available to the smaller active 
muscle mass. The dissociation between blood availability and power output is consistent 
with an ageing model characterised by a decrease in local oxygen delivery and 
distribution capability. However, in Chapter Six, when examined as an average of the 
entire eight-week intervention, the participants were able to maintain a higher normalised 
power output during HITSL compared with HITDL and MCTDL. These data indicate that 
older adults are likely to respond in a similar manner to younger cohorts; however, it may 
take multiple exercise sessions before differences in per leg power output are observed. 
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From the data within this thesis, it is not possible to determine the exact number of 
exercise sessions required to familiarise older adults to this novel modality. 
The findings presented in Chapter Six indicate that irrespective of modality, 
participants experienced improvements in fitness (22.3 ± 6.4 mL∙kg-1∙min-1 vs 24.9 ± 7.6 
mL∙kg-1∙min-1; p<0.01), and reductions in waist-to-hip ratio (0.84 ± 0.09 vs 0.83 ± 0.09; 
p<0.01), resting blood pressure (systolic: 129 ± 11 mmHg vs 124 ± 12 mmHg; p<0.01-, 
diastolic: 79 ± 8 mmHg vs 76 ± 8 mmHg; p<0.02), total cholesterol (5.87 ± 1.17 mmol∙L-
1 vs 5.55 ± 0.98 mmol∙L-1; p<0.01) and LDL cholesterol (3.70 ± 1.04 mmol∙L-1 vs 3.44 ± 
0.84 mmol∙L-1; p<0.01) after the eight-week intervention. Additionally, the proportion of 
individuals in each condition who experienced clinically relevant changes in aerobic 
capacity, LDL cholesterol and blood pressure (i.e. those risk factors with published 
clinically relevant change scores) were assessed. During the double-leg cycling 
conditions (HITDL and MCTDL), more individuals demonstrated changes in aerobic 
capacity above the clinically relevant change score (i.e. changes associated with 
reductions in CVD morbidity and mortality) when compared with single-leg cycling. 
High intensity cycling (HITSL and HITDL) demonstrated a greater influence on LDL 
cholesterol when compared to moderate intensity cycling. Reductions in arterial blood 
pressure beyond clinically relevant change scores were more prevalent following HITSL 
compared with the double-leg cycling conditions (HITDL and MCTDL).   
In conclusion, the findings presented in this thesis provide evidence for the 
therapeutic use of sequential single-leg cycling in healthy populations. Importantly, when 
using sequential single-leg cycling as a training modality, active leg order should be 
alternated in each training session due to potential alterations in acute cardiovascular and 
metabolic responses. Further, short-term exercise training of moderate or high intensity 
and using double-leg or single-leg cycling can positively influence risk factors for CVD. 
However, based on the proportion of individuals surpassing the clinically relevant change 
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scores for select CVD risk factors (i.e. aerobic capacity, LDL cholesterol and arterial 
blood pressure), practitioners should focus their selection of exercise modality for the 
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Cardiovascular disease (CVD) is a global epidemic [1] accounting for approximately 
29% of all deaths in Australia [2]. Age is identified as a non-modifiable risk factor for CVD 
[3]; thus, deaths from, and the economic cost of CVD disproportionately impacts ageing 
populations [4]. Normal healthy ageing is associated with numerous physiological changes (i.e. 
reduced cardiac [5], vascular [6] and skeletal muscle function [7]) which contribute to reduced 
physical and functional capacity [8] and have been implicated in the development and 
progression of CVD [9, 10]. Importantly, exercise is a cost-effective management strategy for 
the prevention of CVD [1, 11]; therefore, development of optimal exercise strategies to 
promote cardiovascular health are paramount in lowering CVD risk within an ageing 
population.  
Traditionally, moderate intensity continuous exercise has been prescribed to lower the 
risk of developing CVD [11]; however, recent evidence indicates high intensity interval 
training can result in greater physiological and functional adaptations [12]. Indeed, several 
modifiable risk factors for CVD respond positively to high intensity exercise, namely, aerobic 
capacity [13], hypertension [14], dyslipidaemia [12], hyperglycaemia [15] and body fat [16]. 
High intensity exercise also results in beneficial adaptations at the local tissue level (e.g. 
mitochondrial content and oxidative capacity) which are hypothesised to be responsible for the 
resultant reduction in CVD risk [17, 18]. Small muscle mass exercise, specifically single-leg 
cycling can increase localised exercise intensity (i.e. greater muscle-specific oxygen 
consumption and power output) beyond normal double-leg cycling [19-22]. As such, it is 
possible that single-leg cycle training could provide greater benefits to CVD risk factors when 
compared with double-leg cycle training. Indeed, Abbiss et al. [19] demonstrated larger 
increases in skeletal muscle oxidative capacity following sequential single-leg compared with 




In addition to local tissue adaptations, whole body (i.e. double-leg) aerobic capacity (a 
significant risk factor for CVD [23]) has been shown to increase following some [24-29] but 
not all [19, 21, 30-33] single-leg cycle training studies. Large heterogeneity of exercise 
interventions prevents speculation as to the potential reasons behind the discrepancies 
observed. However, consistent improvements in whole body aerobic capacity in patients with 
chronic obstructive pulmonary disease (i.e. individuals with a central limitation to whole body 
exercise [20]) have been observed following sequential single-leg cycle training (i.e. both legs 
exercised independently within a single session) [25-27]. These findings indicate that single-
leg cycle training may provide greater benefit to individuals with low initial fitness (e.g. 
sedentary or untrained populations) or those with central limitations to exercise. Given that 
ageing is associated with reductions in cardiovascular function (i.e. decrease maximum heart 
rate and cardiac output) [5, 34], it is plausible that similar to patients with chronic obstructive 
pulmonary disease [20] whole body aerobic capacity in healthy ageing populations is largely 
dependent on central limitations [35]. As such, using single-leg cycling in this population could 
avoid this limitation, thereby providing healthy middle-aged adults with an alternative exercise 
modality capable of improving whole body aerobic capacity.  
When compared with double-leg cycle training, sequential single-leg cycle training is 
associated with improved leg blood flow and oxygen consumption [21] as well as greater 
increases in metabolic and oxidative potential of skeletal muscle [19]. A large body of evidence 
exists which has focused on the acute haemodynamic responses of the active leg during single-
leg cycling [21, 36, 37]. Traditionally it is assumed that the inactive leg is haemodynamically 
dormant, beyond resting levels, and therefore it does not contribute to the overall exercise 
stimulus [38]. This assumption; however, may be incorrect as previous studies have reported 
elevated haemodynamic and metabolic responses in the inactive leg during single-leg cycling 




42], endurance time [43] and femoral vein cross section area [28] of the untrained leg have 
been observed, providing further support of a training stimulus to this limb. Ignorance of this 
evidence could influence the interpretation of past [21] and future findings. Similar to the 
effects of resistance exercise order on acute responses and chronic adaptations [44], it is 
possible that active leg order during sequential single-leg cycling (i.e. active first or second) 
could influence the local muscle adaptations. Currently no data exists which has simultaneously 
examined the haemodynamic and metabolic responses of both legs during a sequential single-
leg cycling session. Understanding the influence of leg order on these physiological responses 
could provide valuable information for future research and the use of sequential single-leg 
cycling in a clinical setting. 
Currently, all single-leg cycling research in healthy middle-aged and older adults has 
been limited to examining the acute impact of this modality [20, 37, 45, 46]. From this data, it 
is postulated that single-leg cycling could be used as an alternative training modality to 
traditional double-leg cycling, in these populations. However, an absence of data for the 
chronic effects of single-leg cycle training in healthy middle-aged and older adults does not 
allow confirmation of this hypothesis. Furthermore, of the acute single-leg cycling studies in 
healthy middle-aged and older adults, only graded exercise tests [20, 37, 46] and submaximal 
steady-state exercise bouts [20, 45] have been examined. Enhanced localised intensity is the 
rationale underpinning greater metabolic adaptations observed in young adults, following high 
intensity single-leg compared with double-leg cycle training [19]. As such, there is a need to 
examine the physiological responses to high intensity single-leg cycling in an older population. 
Purpose of the Thesis  
The lack of understanding of physiological responses to single-leg cycling, specifically 
in an older population, limit the use of this modality as an alternative or complement to 




haemodynamic and metabolic responses of high intensity single-leg cycling, with specific 
focus on leg order (Chapter Four), 2) determine the acute haemodynamic and metabolic 
changes during a single bout of high intensity single-leg cycling in a healthy middle-aged 
population (Chapter Five) and 3) examine the efficacy of eight weeks of high intensity single-
leg cycle training, compared with traditional moderate and high intensity double-leg cycle 
training on key CVD risk factors in a healthy middle-aged cohort (Chapter Six). The results 
from these studies will provide evidence for the therapeutic use of sequential single-leg cycling 
in healthy populations. 
Research Questions 
This thesis was conducted to answer the following questions. 
Study One: Active and inactive leg haemodynamics during sequential single-leg interval 
cycling 
1. Does leg order during sequential single-leg cycling influence acute haemodynamic and 
metabolic responses to this modality? 
2. Do differences in central and local haemodynamic responses exist when comparing 
sequential single-leg and double-leg interval cycling in young healthy adults?   
Study Two: Self-paced high intensity interval cycling in healthy middle-aged adults 
1. Can healthy middle-aged adults produce a greater muscle-specific power output during 
sequential single-leg interval cycling when compared with double-leg interval cycling? 
2. Do differences in central and local haemodynamic responses exist when comparing 
sequential single-leg and double-leg interval cycling in healthy middle-aged adults?  
Study Three: Comparison of eight week of single-leg cycling to traditional training models 
on cardiovascular disease risk: A randomised control trial in middle-aged adults 
1. Does eight weeks of high intensity single-leg interval cycle training induce greater 




fat when compared with high intensity double-leg interval cycle training and moderate 












Exercise prescription is complex, with the need to consider frequency, duration, 
intensity, timing and activity type [11]. In addition, one should consider the size of the active 
muscle mass as it can have important consequences during exercise prescription [47-52]. For 
instance, with ageing or in the presence of chronic health conditions whole body exercise may 
be overwhelming or impossible. Reducing the active muscle mass can provide a viable 
alternative to traditional exercise modalities allowing individuals to obtain superior health 
benefits [25, 26] while being perceived as less stressful [20]. Small muscle mass training can 
include; arm only exercise, single joint lower body exercise such as knee extensions (single or 
double) or multi-joint lower body exercise as such single-leg cycling. Within an ageing 
population, single-leg knee extensor exercise training has been shown to improve oxygen 
diffusional conductance and leg oxygen consumption during knee extensor exercise [53]. 
Furthermore, in individuals with chronic obstructive pulmonary disease sequential single-leg 
cycle training (both legs independently exercise in single session) has been shown to improve 
whole body exercise capacity [25-27]. While there is currently limited research examining the 
acute responses of healthy middle-aged and older adults to single-leg cycling [20, 37, 45, 46], 
no previous studies have examined the chronic responses to this training modality. The use of 
this multi-joint lower body exercise (i.e. single-leg cycling) is likely to provide greater 
cardiovascular and metabolic stress when compared with arm only or single joint exercise [48, 
50, 51], and thus potentially provide an alternative or complementary method to improve whole 
body aerobic capacity in healthy ageing populations.  
Single-leg cycling originated as a research tool enabling the ability to assess the limiting 
factors to whole body aerobic capacity [54]. Indeed, when completing maximal exercise using 
normal double-leg cycling, each leg is competing for a finite amount of blood which challenges 




single-leg cycling, half the muscle mass is now competing for the same amount of blood. This 
allows the single active leg to be placed in an ‘optimal environment’ where it does not compete 
with the other leg for resources and therefore the peripheral vasculature and skeletal 
musculature are now challenged to their limits. While the use of single-leg cycling continues 
in this capacity [20, 56], researchers have recently highlighted the potential for therapeutic 
effects of single-leg cycling training [27, 36]. For instance, greater femoral artery blood flow 
has been observed during single-leg compared with double-leg cycling at submaximal [36] and 
maximal exercise intensities [21, 37] which allows for higher localised intensity of exercise 
[19-22]. Furthermore, superior skeletal muscle adaptations (i.e. cytochrome c oxidase subunits 
II and IV and GLUT-4 protein content) have been observed after single-leg cycling training 
compared with double-leg cycling [19]. Findings such as these have renewed interest in the use 
of single-leg cycling as a therapeutic modality [27] and strengthened the interest of this 
technique as a research tool [57].  
This literature review provides a narrative for the use of single-leg cycling as both a 
research tool and therapeutic modality. Methodological issues within past literature will be 
discussed to provide a framework for an updated single-leg cycling model. Specifically, this 
review will address assumptions regarding the biomechanics, exercise intensity and blood flow 
distribution during single-leg cycling and provide comment for future research direction. 
Furthermore, literature focused on the health benefits of single-leg cycling will be discussed 
and comment will be provided on the use of this exercise modality in an ageing population.  
2.2 Methodological considerations for single-leg cycling 
While the existing literature on single-leg cycling provides important information to 
future researchers and clinicians, caution should be used when interpreting these outcomes. 
Several methodological issues have been identified pertaining to the delivery of this exercise 




three key areas of consideration; 1) biomechanical, 2) exercise intensity and 3) blood flow 
distribution.  
2.2.1 Biomechanical considerations 
When compared with walking or running, cycling is identified as a more efficient 
means of transportation because the metabolic cost of body weight-supported activity is less 
than that of weight-bearing activity [58]. Furthermore, within non-athletic ageing populations, 
the metabolic cost of walking has been shown to increase with age [59, 60], a finding not 
demonstrated in cycling [59, 61]. During double-leg cycling, the torque produced throughout 
the downward phase of the pedal revolution (as well as the weight of the leg) contributes to the 
upward phase on the contralateral crank [62] resulting in a fluid cycling motion. In contrast, 
during single-leg cycling the active contralateral leg does not provide assistance, creating an 
imbalanced cycling motion resulting in a larger activation of the hip, knee and ankle flexors to 
‘pull up’ the pedal to return it to the top of the pedal revolution [49, 63-66]. As a result, 
mechanical inefficiencies develop evidenced by a greater oxygen cost of power production in 
single-leg compared with double-leg cycling [21, 22, 36, 41, 54, 55, 67]. For example, when 
compared to double-leg cycling at the same absolute workload, single-leg cycling requires 
~28% greater VO2 and ~30% higher energy expenditure [36]. Such increased physiological 
stress was associated with greater ratings of perceived exertion and lower ratings of enjoyment 
[36] which are likely to affect the uptake and adherence of this exercise modality in practice 
[68]. 
In an attempt to rectify mechanical inefficiencies identified during traditional single-
leg cycling, assistive methodologies have been used to help return the ‘active’ pedal to the top 
of the pedal motion thereby replicating the biomechanics (i.e. kinetics, kinematics, joint and 
muscle forces) of traditional double-leg cycling. These methods include: a spring mechanism 




fixed-wheel ergometers [27, 30, 33, 43, 51, 55, 73, 74] and counterweighted cycling [19, 36, 
52, 56, 63-65, 75-80]. The use of a fixed-wheel cycle ergometer has been shown to provide a 
similar pattern for the proportional contribution of the flexion and extension phases during 
single- and double-leg cycling [73]; however, more in-depth biomechanical analyses (i.e. 
kinematics, joint and muscle forces) have not been conducted on this methodology. During 
partner-assisted single-leg cycling, longer activation of the biceps femoris (by 45 ± 18°) and 
earlier activation of the rectus femoris and tibialis anterior muscles (by 35 ± 10° and 54 ± 20°, 
respectively) have been observed when compared with double-leg cycling [66]. When using a 
motor, hypothesised to more closely replicate the muscle activation patterns of double-leg 
cycling, Koga et al. [49] reported similar muscle activation patterns between single- and 
double-leg cycling.  
Importantly, while the methodologies above outlined are useful in research settings, 
they are unlikely to be utilised in practice. While the use of the fixed-wheel methodology can 
be implemented in practice [27], without an in-depth biomechanical comparison with double-
leg cycling [73] it is unknown whether this modality reduces or eliminates the mechanical 
inefficiencies commonly associated with single-leg cycling. The partner-assisted methodology 
is limited in its practical use as individuals must be matched by VO2max (or more specifically 
leg VO2max), undergo training to effectively share the load and it requires the use of biofeedback 
(i.e. heart rate, VO2 and pedal force production) to maintain equal distribution [31, 66]. The 
motor-driven methodology is difficult to use in many settings because it requires the use of a 
specially designed motor that matches the cadence of the individual and appropriately activates 
and deactivates throughout the pedal revolution [49]. The method of single-leg cycling with 
the greatest potential for translation into practice is the use of counterweight (i.e. 2 to 12 kg) 
attached to the inactive pedal. To date, this methodology has the greatest volume of research 




Additionally, once the counterweight is attached to the inactive pedal it can be used for any 
intensity, cadence or type (interval or continuous) of exercise. Counterweighted single-leg 
cycling has been shown to reduce, but not completely eliminate, the biomechanical differences 
(i.e. kinetics, kinematics, joint and muscle forces) between unassisted single-leg and double-
leg cycling [63-65]. Specifically, the activation of lower limb muscles (Figure 2.1) [63] and 
joint-specific power output (Figure 2.2) [65] during counterweighted single-leg cycling more 
closely replicates double-leg cycling resulting in similar physiological measures (i.e. VO2, 







Figure 2.1 Root mean squared activation (normalised to first double-leg trial) for biceps femoris, 
vastus lateralis, rectus femoris, tibialis anterior, gastrocnemius medialis and soleus during 
double-leg (bilateral), counterweighted single-leg (assisted) and unassisted single-leg (unassisted) 
cycling. Paired letters indicate significant differences when p≤0.05 and effect size > 0.8. 





Figure 2.2 Relative joint-specific power produced by the hip (A), knee (B) and ankle (C) joint 
actions during double-leg (2-Leg), counterweighted single-leg (CW 1-Leg) and unassisted single-
leg (1-Leg) cycling. Power values were normalised to the mean power produced at the pedal for 
complete pedal cycles to facilitate comparisons across double-leg and single-leg cycling trials. 





Figure 2.3 Oxygen consumption (A), respiratory exchange ratio (B), heart rate (C) and mean 
arterial pressure (D) during double-leg (DL), counterweighted single-leg (SLCW) and unassisted 
single-leg (SLNCW) cycling. *p<0.05 versus DL, #p<0.05 versus SLCW (reproduced from Burns et 




Although a published discussion is available which focuses on the fixed-wheel versus 
counterweight methods of single-leg cycling [81, 82], to date, no study has examined the 
biomechanics of multiple different single-leg cycling designs. Thus, the potential risks and 
benefits associated with each modality have not yet been described. Further, there is currently 
no consensus regarding ‘acceptable’ differences between methods adding to the confusion 
when examining data from past single-leg cycling studies. Most studies presented in this review 
either did not specify the single-leg cycling methodology [20-22, 24-26, 28, 29, 32, 37, 40, 45, 
47, 83-101] or explicitly stated that no assistance was used [46]. It is therefore not possible to 
accurately compare these studies as biomechanical differences evident between assisted and 
unassisted single-leg and double-leg cycling will likely have an effect on the force production 
capacity and fatigability of the active leg. 
2.2.2 Exercise intensity  
Understanding the acute and chronic influences of single-leg cycling requires 
comparison against double-leg cycling. This comparison is difficult due to a lack of consensus 
about the optimal method of matching single-leg and double-leg cycling. For instance, previous 
studies which have compared physiological responses to single-leg and double-leg cycling 
have used: 1) the same absolute workload [36], 2) the same relative workload (proportion of 
mode-specific maximum) [79], 3) half the workload used during double-leg cycling [20], and 
4) self-paced efforts (i.e. maximal exercise test [37] and sprints [56]). This is important because 
the method used to regulate exercise intensity can influence the physiological responses 
between conditions and ultimately confound the observed outcomes.  
Comparing single-leg and double-leg cycling using the same absolute workload relies 
on the assumption that each leg can produce double the power during single-leg compared with 
double-leg cycling. While this is apparent at low to moderate intensities [36, 49], per leg power 




per leg power output observed during double-leg cycling [56]. At the same absolute 
submaximal workload (40 W and 80 W), Burns et al. [36] demonstrated similar VO2, heart rate 
and mean arterial pressure responses to counterweighted single-leg and double-leg cycling 
(unassisted single-leg elicited higher physiological responses). However, at 120 W, 
counterweighted single-leg cycling resulted in higher heart rates than double-leg cycling. The 
workloads in this study (40, 80 and 120 W) were performed at approximately 29, 38 and 48 % 
of double-leg VO2peak [36], suggesting similar physiological responses at low to moderate 
intensities. This is; however, unlikely to occur at higher intensities given the differing 
relationship between power output and oxygen consumption observed during single-leg and 
double-leg cycling [22, 49]. Indeed, measured during a graded exercise test, a linear power 
output to oxygen consumption relationship has been observed during double-leg cycling while 
single-leg cycling results in an exponential relationship [22, 49, 79]. In addition to differences 
in the power output to oxygen consumption relationship when measured at the same absolute 
workload, counterweighted single-leg cycling elicits higher ratings of perceived exertion 
(RPE) than double-leg cycling (albeit lower than unassisted single-leg cycling) possibly due to 
the greater peripheral stress experienced by the leg having to complete double the work [102, 
103]. 
Using the same relative intensity (proportion of mode-specific maximum), MacInnis et 
al. [79] demonstrated lower pulmonary VO2 and heart rate during single-leg compared with 
double-leg cycling, which was attributed to the lower absolute power output during single-leg 
cycling. At the local muscle level, greater semitendinous activation and comparable vastus 
lateralis and vastus medialis activation during counterweighted single-leg when compared with 
double-leg cycling likely contributed to the greater per leg power output observed during 
single-leg cycling [79]. Whether this muscle activation pattern, and thus per leg power output 




[22]. Indeed, the participants in this study had an average ratio of 0.76 [79], in line with 
previous research [22]. There is large inter-individual variation in this ratio (0.58-0.96) that has 
the potential to alter the exercise stimulus experienced by the musculature such that individuals 
with a ratio close to 0.50 would be exercising at a higher per leg power output compared with 
those with a ratio close to 1.00 (Figure 2.4) [22]. This ratio may provide detail on the limits to 
exercise capacity (i.e. central versus peripheral) and therefore assist in guiding training 
intervention in individuals [93]. For instance, if an individual’s ratio is close to 1.00, they are 
likely to be limited by central factors since more blood cannot be directed to the single active 
leg even in the absence of the competing leg. Of note, MacInnis et al. [79] examined RPE 
responses to single-leg and double-leg interval and continuous cycling sessions matched for 
relative intensity and total work. The authors observed RPE during single-leg interval cycling 
were lower than double-leg interval cycling and similar to double-leg continuous cycling [79] 
indicating that single-leg interval cycling may allow for improved uptake and adherence to 
high intensity interval training [104].  
 
Figure 2.4 The relationship between the ratio of single-leg to double-leg capacity and the stress 
experienced by the leg muscles when cycling at 70% of double-leg maximal capacity. (reproduced 




Prescribing single-leg cycling using half the power output during double-leg cycling is 
common practice within the literature [41, 63-65]. Using this method, lower VO2 [41, 48] and 
heart rate [41, 48] have been observed during single-leg cycling when compared with double-
leg cycling. These findings are likely attributable to the lower absolute power output during 
single-leg cycling conditions [20, 41, 48]. Furthermore, as the per leg power output is closely 
matched using this methodology, examination of leg blood flow [48] and leg effort [20] result 
in similar outcomes between single and double-leg cycling. These findings should be 
interpreted with caution since power output during single-leg cycling in a healthy population 
can be in excess of the one half method [19-22]. Indeed, leg blood flow capacity is higher 
during single-leg compared with double-leg cycling [21, 36, 37] giving rise to the higher 
localised intensity (i.e. muscle-specific VO2 and power output) associated with single-leg 
cycling [19-22].  
The final method commonly used to compare single-leg and double-leg cycling is 
through self-paced efforts in the form of maximal exercise tests [22, 37] and all out sprints [19, 
56]. This method requires a level of motivation and limits the objective comparability of the 
other methods outlined above. However, the use of self-paced efforts is likely to improve the 
clinical utility of single-leg cycling as it negates the assumptions associated with the 
abovementioned methods and allows each individual to work within their own capacities. 
Bundle et al. [56] observed greater aerobic contribution to force production during single-leg 
all out sprints when compared with double-leg sprints. From this data, it was hypothesised that 
during single-leg sprints the higher aerobic contribution would delay the onset of fatigue by 
reducing reliance on anaerobic metabolism. Further highlighting the high aerobic stress 
experienced during single-leg cycling, Abbiss et al. [19] reported superior skeletal muscle 
metabolic and oxidative adaptations following three weeks of self-paced maximal single-leg 




2.2.3 Blood flow distribution 
It is well accepted that single-leg cycling is associated with greater blood flow to the 
active muscle mass resulting in increased muscle-specific oxygen consumption and power 
output when compared with double-leg cycling [19-22]. It is assumed that the inactive leg does 
not contribute to a change in blood flow or oxygen consumption during exercise [38]; thus, 
little consideration is given to the haemodynamic and metabolic responses of the inactive leg. 
However, arterial catheterisation of the inactive leg during submaximal single-leg cycling 
revealed increases in femoral blood flow, oxygen consumption and carbohydrate utilisation 
[39, 41]. Furthermore, femoral blood flow (Doppler ultrasound) and quadriceps muscle 
perfusion (near-infrared spectroscopy) in the inactive leg have been shown to increase during 
the initial 15 to 45 s of exercise with return to nadir by 60 s [40, 84]. It is possible the increases 
in femoral blood flow, oxygen consumption and carbohydrate utilisation of the inactive leg are 
associated with muscles other than the quadriceps. While it is currently unknown which 
muscles contribute to the inactive leg haemodynamic and metabolic responses, the calf 
musculature are unlikely contributors since calf blood flow (venous occlusion 
plethysmography [101]) and perfusion (whole body scintigraphy [84]) have been shown to 
decrease in the inactive leg during single-leg cycling. 
To date, no studies have investigated the blood flow distribution or activation patterns 
of tissues other than the legs during single-leg cycling. This presents a problem as postural 
muscles are likely to be activated to a greater extent during single-leg compared with double-
leg cycling, in order to maintain postural and core control during the unilateral exercises [105, 
106]. An increase in blood flow to postural muscles would result in an increase in 
cardiovascular (i.e. increase heart rate) and metabolic stress (i.e. oxygen consumption) [51]; 
thus, it could be hypothesised that cardiovascular measures in past single-leg cycling studies 




In an attempt to fully describe the physiological differences between single-leg and 
double-leg cycling, the method used to scale the data can impact the conclusions drawn. Simple 
ratio scaling has previously been used to compare differences in per leg power output between 
single-leg and double-leg cycling by dividing the power output measured during double-leg 
cycling by two to indicate the power produced per leg [19]. While this method is suitable in 
homogenous populations (e.g. trained cyclists), it does not account for potential differences in 
leg composition. Given that blood flow distribution and metabolic demand during exercise is 
directed primarily towards metabolically active tissue, scaling to fat-free mass provides a more 
accurate assessment of physiological changes for variables which are dependent on body mass 
and/or muscle mass (e.g. oxygen consumption) [107]. Furthermore, the relative increases in fat 
mass and reductions in lean mass experienced by ageing adults [107] indicate this scaling 
method is likely to provide superior and more accurate assessment of differences in 
physiological measures between single-leg and double-leg cycling in this population. 
2.3 Single-leg cycling to improve healthy ageing  
Normal healthy ageing is associated with numerous physiological changes such as 
reduced cardiac [5], vascular [6] and skeletal muscle function [7]. These age-related changes 
contribute to reduced physical and functional capacity [8] and have been implicated in the 
development and progression of CVD [9, 10]. Traditionally, moderate intensity continuous 
exercise has been prescribed to lower the risk of developing CVD [11]; however, recent 
evidence indicates high intensity interval training may provide superior physiological and 
functional adaptations [12]. Indeed, cardiac [108, 109], vascular [110, 111] and skeletal muscle 
[17, 111] adaptations to exercise training display an intensity-dependent relationship. Given 
that exercise intensity is an important factor for adaptation, the higher localised intensity 
associated with single-leg cycling [19-22] could prove beneficial. No studies have investigated 




were conducted in young healthy populations unless noted otherwise. This section of the 
review will focus on the physiological adaptations associated with single-leg cycle training and 
commentary will be provided on the possible benefits of this technique within a healthy ageing 
population. 
2.3.1 Cardiac function 
Physiological adaptations in young healthy populations  
Resting and exercise cardiac adaptations following single-leg cycle training 
interventions are presented in Table 2.1. Maximal cardiac output, measured during double-leg 
cycling, has been shown to increase [21] or remain unchanged [31] after single-leg cycling 
training. A likely explanation for such differences between studies is the method of delivery 
during the single-leg cycling training. Indeed, prescribing single-leg cycling training using a 
sequential approach (i.e. both legs trained independently in a single session) Klausen et al. [21] 
observed an 11 % increase in post training double-leg maximal cardiac output. Conversely, 
when single-leg cycling training was undertaken with one leg only (i.e. alternative leg did not 
train) Gleser et al. [31] observed only a 3 % increase in maximal double-leg cardiac output. 
These data indicate that exercising both legs within a single session may be necessary to induce 
adaptations to cardiac output during subsequent double-leg exercise; however, as these studies 
were not matched for the length, intensity or volume of the intervention this remains only a 
hypothesis. In contrast, evidence indicates that maximal cardiac output measured during single-
leg cycling is improved following either one leg only or sequential single-leg cycle training 
[21, 31].  Importantly, following single-leg cycling training, increases in single and double-leg 
maximal cardiac output are not associated with changes in maximal heart rate [21, 31]; thus, 
the increased cardiac output is likely the result of enhanced stroke volume [21].  
Studies have also demonstrated inconsistent changes in resting cardiac function 




in resting heart rate, left ventricular end diastolic diameter or left ventricular mass following 
eight weeks of single-leg cycle training (each leg trained independently for a matched period 
of time) at 60-75 % heart rate reserve. Further, Olivier et al. [96, 97] demonstrated no changes 
in echocardiographically assessed resting cardiac function (end diastolic volume, end systolic 
volume, stroke volume, ejection fraction and heart rate) following six weeks of high intensity 
single-leg interval cycling in regional level soccer players. Of note, the authors also reported 
significant reductions in end diastolic volume and stroke volume in a group of participants 
which did not perform any training for six weeks [96, 97] suggesting that single-leg cycle 
training can mitigate the detrimental effects of physical inactivity. In contrast, Miyachi et al. 
[28] observed lower resting heart rate and larger left ventricular end diastolic diameter and 
ascending aorta cross-sectional area following six weeks of single-leg cycle training at 80 % 
single-leg VO2peak. The authors also reported significant positive correlations between changes 
in femoral artery cross-sectional area and changes left ventricular end diastolic diameter (r = 
0.49) and ascending aorta cross-sectional area (r = 0.87) [28] indicating that greater leg blood 
flow associated with single-leg cycling [36] has positive effects on both peripheral and central 
cardiovascular structure. Indeed, it has previously been suggested [21, 112] that improvements 
in maximal cardiac output following single-leg cycle training could be attributed to increased 
preload, represented by increased left ventricular end diastolic dimension [28], and reduced 
afterload, as evidenced by increased ascending aorta cross-sectional area [28] and reduced total 




Table 2.1 Central cardiovascular adaptations to single-leg cycle training. 
 Population SL method Legs trained Training 
intervention 
Resting Single-leg cycling Double-leg cycling 
Submaximal Maximal Submaximal Maximal 
Gleser 1973 Young, 
healthy 
N=6 
Age: 21 ± 1 y 
Partnered Randomised 
RL or LL 
Cycling to 
exhaustion (70 ± 
15 min) at 75 % 
VO2max; 2 
days/wk, 4 wk 
  TL: 
↑ CO 
UTL: 
↔ CO, HR 







NS Both legs, RL 
then LL 
30 min at 170 
bpm 
(+1x 10 min at 
max per wk); 3 
days/wk, 8wk 
↔ HR ↔ CO 
↓ HR 










Age: 22 ± 2 y 
NS One leg, 
randomised LL 
or RL 
40 min at 80% 
SL-VO2peak; 4 





    
Olivier 2009 Soccer players 
(ACL recon) 
N=12 
Age: 24 ± 4 y 
NS Nonsurgical 
leg 
3x 3 min at 85 % 
SL-HRpeak, 3 min 
at 70 % SL-
HRpeak; 3 




    
Olivier 2010 Soccer players 
(ACL recon) 
N=12 
Age: 25 ± 3 y 
NS Nonsurgical 
leg 
3x 3 min at 85 % 
SL-HRpeak, 3 min 
at 70 % SL-
HRpeak; 3 










Age: 21-24 y 
NS Randomised 
LL or RL, 4 wk 
each leg 
15-30 min at 60-
75 % HRR; 28 





↑ CO, SV 
↔ HR 
 ↑ CO, SV 
↔ HR 
 
ACL recon: anterior cruciate ligament reconstruction, CO: cardiac output, CSA: cross-sectional area, EDV: end diastolic volume, EF: ejection fraction, ESV: end systolic volume, HR: heart rate, 
HRR: hear rate reserve, HRpeak: peak heart rate, LL: left leg, LV: left ventricle, LVEDD: left ventricular end diastolic diameter, NS: not specified, RL: right leg, SL: single-leg, SV: stroke volume, 




Potential influence in ageing populations 
 A recent study reported that healthy older adults demonstrate limited cardiac plasticity 
when compared with younger adults as evidenced by attenuated increases in maximal cardiac 
output and stroke volume following high intensity double-leg cycle training [113]. However, 
as previously suggested [21, 112], improvements in maximal cardiac output following single-
leg cycle training may be attributed to changes in peripheral vascular function. As such, 
whether the higher leg vascular conductance reported during single-leg compared with double-
leg cycling in healthy older adults [37] could improve cardiac function is currently unknown. 
2.3.2 Vascular function 
Physiological adaptations in young healthy populations 
Vascular adaptations in the trained and untrained legs following single-leg cycle 
training are presented in Table 2.2. Following cycle training of one leg only, increases in 
femoral artery and vein cross-sectional area [28] and resting leg blood flow [33] have been 
observed in the trained leg, while increases in femoral vein cross-sectional area have been 
observed in the untrained leg [28]. Higher shear stress associated with exercise is hypothesised 
as the primary haemodynamic variable responsible for improvements in vascular function 
[114]. As such the higher leg blood flow, and thus shear stress, associated with single-leg 
cycling is likely to lead to larger improvements in femoral arterial function and facilitate 
improvements in single-leg VO2peak [28, 32]. However, a lack of comparison with double-leg 
cycle training limits this speculation. Further, vascular adaptations in the untrained leg 
following single-leg cycle training are likely due to haemodynamic changes within the inactive 
leg or increases in total blood volume [28, 115]. Haemodynamic changes, including blood flow 
and shear stress, have been reported in arteries supplying inactive tissues [115] including the 
inactive leg [39, 41]. Aerobic exercise training is associated with increases in blood volume 




exercise and orthostatic challenges [116]. Since the majority of total blood volume is stored 
within the venous system [117], this could account for the larger femoral vein cross-section 
area observed in the untrained leg following single-leg cycle training [33]. Whether increases 
in blood volume differ between single-leg and double-leg cycle training is currently unknown. 
Following single-leg cycling training and when measured during submaximal double-
leg cycling, leg blood flow to the trained leg is greater than [32] or similar to [33, 42] the 
untrained leg. However, assessing individual leg responses during double-leg cycling after a 
single-leg training intervention relies on the assumption that there are no acute or chronic 
responses within the untrained leg. Increased leg blood flow, oxygen consumption and 
carbohydrate utilisation have been observed in the inactive leg during single-leg cycling [39, 
41]. Further, Saltin et al. [42] demonstrated improvements in single-leg VO2peak with the 
untrained leg when the contralateral leg was trained with moderate intensity continuous but not 
high intensity interval cycle training. These data indicate that previous conclusions regarding 
blood flow changes within the trained and untrained legs following single-leg cycling training 
may not be correct. Future research should assess outcome measures in each leg independently 
prior to and following training to ascertain the regional vascular effects of exercise training and 




Table 2.2 Vascular adaptations to single-leg cycle training. 
 
 
Population SL method Legs trained Training intervention Trained leg Untrained leg 
Henriksson 1977 Healthy, untrained 
N=6 
Age: 22 (20-24) y 
 
NS One leg, randomised 
LL or RL 
45 min at 70 % SL-VO2max; 
3 days/wk, 8 wk 
↑ submaximal DL 
exercise LBF (1h at 67 
% VO2max) 
 
Miyachi 2001 Healthy 
N=10 
Age: 22 ± 2 y 
 
NS One leg, randomised 
LL or RL 
40 min at 80 % SL-VO2peak; 
4 days/wk, 6 wk 
↑ femoral artery and 
vein CSA 
↑ femoral vein 
CSA 
Rud 2012 Healthy, endurance 
trained 
N=12 
Age: 24 ± 3 y 
FW One leg, randomised 
6LL or 6RL 
Continuous exercise of 
varied intensity (59-90 % 
SL-HRmax) and duration (40-
100 min) between sessions; 
4 days/wk, 7 wk 
 
↑ resting LBF 
↔ submaximal DL 
exercise LBF (low, 
mod, high) 
 
Saltin 1976 Healthy, sedentary 
N=13 
Age: 22 (19-25) y 
NS One leg HIIT, MICT or 
UT 
(A: MICT + HIIT, B: 
HIIT + UT, C: MICT + 
UT) 
HIIT: 20-30x 40-50 sec at 
150 % SL-VO2max, 90 sec 
rest 
MICT: 35-45 min at 75 % 
SL-VO2max 
UT: untrained 
5 days/wk, 4 wk 
↔ submaximal DL 
exercise LBF between 
MICT, HIIT, UT (1h 
70 % DL-VO2max) 
↔ submaximal 
DL exercise LBF 
(1h 70 % DL-
VO2max) 
CSA: cross-sectional area, DL: double-leg, FW: fixed-wheel, HIIT: high intensity interval training, HRmax: maximum heart rate, LL: left leg, LBF: leg blood flow, MICT: moderate intensity 




Potential influence in ageing populations 
Healthy ageing is associated with reductions in vascular function and limb blood flow 
[118]. These changes appear to preferentially affect the lower limbs [119, 120] and exercise 
training has been shown to ameliorate the age-related decrements in vascular function [121-
123].  Indeed, following eight weeks of moderate intensity double-leg cycling in healthy older 
adults, Thijssen et al. [124] reported improvements in vascular structure and function of arteries 
supplying the trained tissues (i.e. femoral artery) but not those supplying non-trained tissues 
(i.e. carotid and brachial arteries). Further work from this group demonstrated greater mean 
brachial artery blood flow with increasing exercise intensity and a reduction in the active 
muscle mass [125] suggesting that higher intensity lower limb training may provide superior 
functional adaptations within the brachial artery, as reported in a recent meta-analysis [110].  
2.3.3 Skeletal muscle function 
Physiological adaptations in young healthy populations 
In addition to cardiac and vascular adaptations (discussed above) greater oxygen 
extraction [21, 32, 33, 42, 112] and increases in oxidative capacity [19, 32, 33, 43, 126] have 
been observed following single-leg cycling training (Table 2.3). Indeed, Abbiss et al. [19] 
demonstrated increases in skeletal muscle oxidative capacity (i.e. cytochrome c oxidase 
subunits II and IV and GLUT-4 protein content) following sequential single-leg compared with 
double-leg interval cycling. The higher localised intensity associated with single-leg cycling 
[19-22] was postulated to contribute to the improvements in muscle oxygen extraction and 
utilisation capabilities. Supporting this hypothesis, when matched for total work, high intensity 
interval training is associated with larger improvements in mitochondrial function than 
moderate intensity continuous training [57, 127]. The influence of exercise intensity on skeletal 
muscle adaptations is well characterised and has been recently reviewed [17].  Interestingly, in 




have been observed in the untrained leg after single-leg cycling training [24, 28, 42, 43]. These 
findings indicate that in addition to localised intensity [19-22], enhanced blood flow [32] 





Table 2.3 Skeletal muscle adaptations following single-leg cycle training. 
 
 
Population SL method Legs trained Training 
intervention 
Oxygen extraction Metabolic adaptations 
Oxidative capacity Mitochondrial 
function 
Abbiss 2011 Trained cyclists 
N=9 
Age: 34 ± 5 y 






3x 4 min maximal 
self-paced intervals, 
6 min active recovery 
(50 W); 2 days/wk, 3 
wk 
 ↑ GLUT-4, AS160, 
















or LL to 
normoxia 
30 min at 65 % SL-
PPO; 4 days/wk, 4 
wk 
(H exercise then 20 
min in N, then N 
exercise) 
 ↑ CS activity 







Age: 20-26 y 
 




45 min at 60 rpm 
(highest tolerable 
workload); 4 
days/wk, 4 wk 
 ↑ CS activity, COX I 







age: 38 ± 10 y 
 
FW One leg, 3LL or 
3RL 
30 min at 8 0% SL-
VO2max; 3 days/wk, 6 
wk 
 ↑ rest/post-exercise 
muscle glycogen (TL), 
post-exercise ATP 
concentration (TL) 
↔ muscle metabolite 
concentrations (TL or 
UT) 










Population SL method Legs trained Training 
intervention 
Oxygen extraction Metabolic adaptations 







Age: 22 (20-24) 
y 
NS One leg, 
randomised LL 
or RL 
45 min at 70 % SL-
VO2max; 3 days/wk, 8 
wk 
↑ oxygen extraction 
(TL) 
↑ SDH activity (TL)  
Klausen 1982 Healthy 
N=6 
Age: 23 (22-26) 
y 
NS Both legs, RL 
then LL 
30 min at 170 bpm 
(+1x 10 min at max 
per wk); 3 days/wk, 8 
wk 













HIIT: 4x 5 min at 65 
% SL-PPO, 2.5 min 
recovery at 20 % SL-
PPO 
MICT: 30 min at 50 
% SL-PPO 
3 days/wk, 2 wk 




(HIIT>MICT), COX IV 








Age: 24 ± 3 y 
FW One leg, 
randomised 
6LL or 6RL 
Continuous exercise 
of varied intensity 
(59-90 % SL-HRmax) 
and duration (40-100 
min) between 
sessions; 4 days/wk, 
7 wk 
↑ oxygen extraction ↑ CS activity  
Saltin 1976 Healthy, 
sedentary 
N=13 
Age: 22 (19-25) 
y 
NS One leg HIIT, 
MICT or UT 
 
HIIT: 20-30x 40-50 
sec at 150 % SL-
VO2max, 90 sec rest 
MICT: 35-45 min at 
75 % SL-VO2max 
UT: untrained 
5 days/wk, 4 wk 






Population SL method Legs trained Training 
intervention 
Oxygen extraction Metabolic adaptations 
Oxidative capacity Mitochondrial 
function 
Thomas 1981 Healthy 
untrained 
N=11 
Age: 21-24 y 
NS Randomised LL 
or RL, 4 wks 
each leg 
15-30 min at 60-75 
% HRR; 14 sessions 
over 4 wk 
↑ oxygen extraction ↓ anaerobic enzyme 
activity (PFK, LDH, 
CK) 




Vincent 2015 Moderately 
active 
N=8 
Age: 22 ± 2 y 
NS Randomised LL 
or RL 
12x 60 s at 120 % 
SL-PPO, 90 s rest; 4 
days/wk, 2 wk 
 ↑ oxidative 
phosphorylation, CS 
↔ protein expressions 
of PGC-1α, oxidative 





3-HA-CoA DH: 3-hydroxyacyl-CoA dehydrogenase, AMPKα: 5’-adenosine monophosphate-activated kinase α-subunit, ATP: adenosine triphosphate, CK: citrate kinase, COX: mitochondrial 
cytochrome c oxidase, CS: citrate synthase, CW: counterweight, DL: double-leg, ETS: electron transport system, FW: fixed-wheel, GLUT4: glucose transporter 4, H: hypoxic, HIIT: high intensity 
interval training, HRmax: maximal heart rate, HRR: heart rate reserve, LDH: lactate dehydrogenase, LL: left leg, MDH: malate dehydrogenase, MFN2: mitofusin 2, MICT: moderate intensity 
continuous training, N: normoxic, NDUFA9: NADH:ubiquinone oxidoreductase subunit A9, NS: not specified, PFK: phosphofructokinase, PGC-1α: peroxisome proliferator-activated receptor-γ 
coactivator, PPO: peak power output, RL: right leg, SDH: succinate dehydrogenase, SIRT1: silent mating-type information regulator 2 homolog 1,  SL: single-leg, TL: trained leg, Tfam: 




Potential influence in ageing populations 
Skeletal muscle changes associated with ageing include reduced mass and strength and 
altered muscle metabolism [128]. Reduced skeletal muscle mass has been attributed to 
reductions in the number of motor units and atrophy of myofibres [129], and greater reductions 
in strength in lower limbs compared with upper limbs [130]. Altered muscle metabolism is 
associated with reductions in mitochondrial biogenesis, mitochondrial oxidative capacity and 
activity of mitochondrial enzymes [131-134] contributing to the reduced fat oxidation observed 
during exercise [134]. Further, while the glycolytic capacity of ageing skeletal muscle appears 
preserved [135], enzymes involved in oxidative metabolism and β-oxidation of fatty acids are 
reduced [136]. Importantly many of these changes, specifically mitochondrial enzyme activity, 
can be counteracted with moderate intensity aerobic exercise [137] with greater improvements 
observed after high intensity exercise training [127, 138]. Improvements in mitochondrial 
function (i.e. maximal adenosine diphosphate-stimulated respiration measured in situ), but not 
oxygen extraction capacity, have been correlated with VO2max (r = 0.84) and endurance 
capacity (r = 0.64) [127] suggesting that increases in muscle oxidative capacity are pivotal in 
the improvement of whole body VO2max and functional capacity. As single-leg cycling can 
provide an increased localised intensity compared with double-leg cycling during high intensity 
interval training [19], and as improvements in mitochondrial function are intensity dependent, 
single-leg cycling could be an optimal training modality within an ageing population.  
2.3.4 Aerobic capacity 
Physiological adaptations in young healthy populations 
 Whole body (i.e. double-leg) VO2max has been shown to increase following some [24-
29] but not all [19, 21, 30-33] single-leg cycle training studies (Table 2.4). The large 
heterogeneity of exercise interventions and single-leg cycling designs used in these studies 




the studies outlined, differences in intervention length (three to eight weeks), intensity 
(moderate vs. high intensity), delivery (continuous vs interval), single-leg cycling method (e.g. 
fixed-wheel, partnered, counterweight) and training type (sequential vs one-leg only) exist. Of 
note, consistent improvements in whole body VO2max in patients with chronic obstructive 
pulmonary disease (i.e. individuals with a central limitation to whole body exercise [20]) have 
been observed following sequential single-leg cycle training [25-27]. These findings indicate 
that single-leg cycling training may provide greater benefit to individuals with low initial 
fitness or those with disease states resulting in central limitations to exercise.  
 Mechanistically, single-leg VO2max has been shown to improve in the trained [21, 24, 
28, 30-33, 43, 78, 89, 98, 112] and untrained legs [24, 28, 42, 43] following single-leg cycle 
training (Table 2.4). Improvements in single-leg VO2max of the trained leg are likely the result 
of improvements in leg blood flow, oxygen extraction and utilisation. Given the lack of 
metabolic adaptations in the untrained leg following single-leg cycle training [21, 32, 33, 43], 
the improvements in single-leg VO2max are likely the result of systemic adaptations. It is 
possible that, similar to strength training [139, 140], a degree of cross-education may occur. 
However, further research is required to test this hypothesis. Whether the adaptations within 





Table 2.4 Whole body and single-leg-leg aerobic capacity following single-leg cycle training. 
 Population SL 
method 
Legs trained Training intervention Whole body 
aerobic capacity 
Single-leg aerobic capacity 













3x 4 min maximal self-paced intervals, 6 
min active recovery (50 W); 2 days/wk, 3 
wk 
↔ DL-VO2max  
(-1.2%) 
  









15-20x 20 sec at 150 % SL-PPO, 60 sec 


















4x 4 min at 85-95 % SL-HRmax, 3 min 







Chin 2001 Transfemoral 
amputees 
N=14 
Age: 40 ± 12 y 
NS 
 
Intact leg 30 min at SL-HR at VT2; 3-5 days/wk, 6 
wk 







Age: 29 ± 6 y 
FW Both legs 
sequentially 





















Evans 2015 COPD 
N=22 
Age: 66 ± 6 y 
FW Both legs 
sequentially 
15min at ~40% DL-VO2peak (estimated 








Age: 21 ± 1 y 
P Randomised 
RL or LL 
Cycling to exhaustion (70 ± 15 min) at 75 
% VO2max; 2 days/wk, 4 wk 









 Population SL 
method 
Legs trained Training intervention Whole body 
aerobic capacity 
Single-leg aerobic capacity 








NS One leg, 
randomised 
LL or RL 














NS Both legs, RL 
then LL 
30 min at 170 bpm 
















Valid leg 40-60 min at 70-80 % SL-PPO; 5 days/wk, 
4 wk 







Age: 22 ± 2 y 
NS One leg, 
randomised 
LL or RL 








Ray 1999 Healthy 
untrained 
N=11 
Age: 19-23 y 
NS Not specified HIIT: 5x 5 min at 90-100 % SL-VO2peak, 3 
min unloaded cycling 
MICT: 40 min at 70 % SL-VO2peak 
4 days/wk (2x HIIT, 2x MICT), 6 wk 
 ↑ SL-VO2max 
(17.8%) 
 




Age: 24 ± 3 y 
FW One leg, 
randomised 
6LL or 6RL 
Continuous exercise of varied intensity 
(59-90 % SL-HRmax) and duration (40-100 
min) between sessions; 4 days/wk, 7 wk 
↔ DL-VO2max  
(-0.3%) 
SL-VO2max (6.7% 









NS Both legs, 
separately 
15 min each leg at 75 % DL-HRmax; 4 







Potential influence in ageing populations 
Advancing age is associated with reductions in whole body VO2max [141-143]; 
however, healthy ageing adults demonstrate a preserved ability to improve both whole 
body [8] and muscle VO2max [53]. A recent meta-analysis reported the improvements in 
whole body VO2max following aerobic exercise training are primarily the result of 
improvements in maximal cardiac output, since maximal oxygen extraction was not 
altered with training [35]. This is expected since ageing is associated with reduced 
maximal cardiac output [144] and preserved oxygen extraction capability [145]. Further, 
increasing training intensity results in greater improvements in whole body VO2max in 
middle-aged and older adults [13]. Single-leg cycle training has been shown to induce 
positive central adaptations, including increasing maximal double-leg cardiac output [21]. 
Additionally, single-leg cycle training results in positive peripheral adaptations including 
increasing oxygen extraction [21, 32, 33, 42, 112], muscle oxidative capacity [19, 32, 33, 
43, 126] and VO2max [21, 24, 28, 30-33, 43, 78, 89, 98, 112] of the trained leg and 
increased VO2max of the untrained leg [24, 28, 42, 43]. Together, these data indicate that 
single-leg cycle training presents a useful therapeutic exercise modality that has the 
ability to induce favourable central and peripheral adaptations which could contribute to 
improvements in whole body VO2max. Whether single-leg cycle training can improve 
whole body VO2max in healthy ageing populations is currently unknown.  
2.4 Summary 
 Several methodological considerations highlighted in this review have prompted 
the proposal of an updated single-leg cycling model. Firstly, counterweighted single-leg 
cycling presents as the most practical and biomechanically similar method to double-leg 
cycling. Secondly, using self-paced efforts to compare single-leg and double-leg cycling 




flow associated with single-leg cycling. Self-paced efforts will also improve the clinical 
utility of outcomes since exercise is likely to be prescribed based on perceived exertion 
within a translational setting [146]. Thirdly, sequential single-leg cycling is more 
practical and appropriate than single-leg cycling (i.e. training only one leg); however, the 
lack of literature examining the acute and chronic responses has likely limited its 
promotion.  
Based on the current literature review, several knowledge gaps have been 
identified which will be addressed in the series of studies found within this thesis. The 
local haemodynamic responses of the inactive leg is an understudied area which will 
provide pertinent information regarding its possible contribution to the overall exercise 
stimulus during sequential single-leg cycling (Chapter Four). The vast majority of single-
leg cycling literature to date has been conducted in young healthy populations. While 
likely to be beneficial, there is currently no evidence of the acute (Chapter Five) and 






Chapter 3 Intrarater reliability and 
agreement of the PhysioFlow 
bioimpedance cardiography 
device during rest, moderate and 
high intensity exercise 
 
 
Gordon N, Abbiss CR, Maiorana AJ, Marston KJ and Peiffer JJ (2018) Intrarater 
reliability and agreement of the PhysioFlow bioimpedance cardiography device during 






The PhysioFlow bioimpedance cardiography device provides key measures of 
central systolic and diastolic and peripheral vascular function. Many of these variables 
have not been assessed for intrarater reliability and agreement during rest, submaximal 
exercise and high intensity interval exercise. Twenty healthy adults (age: 26 ± 4 y) 
completed two identical trials beginning with five min of rest followed by two five-min 
submaximal cycling bouts at 50 % and 70 % of peak power output. Subjects then 
completed ten 30-s cycling intervals at 90 % of peak power output interspersed with 60 s 
of passive recovery. Bioimpedance cardiography (PhysioFlow; Manatec Biomedical, 
France) monitored heart rate, stroke volume, cardiac output, stroke volume index, cardiac 
index, ventricular ejection time, contractility index, ejection fraction, left cardiac work 
index, end diastolic volume, early diastolic filling ratio, systemic vascular resistance and 
systemic vascular resistance index continuously throughout both trials. Intraclass 
correlation coefficients (ICC), standard errors of measurement and minimal detectable 
differences were calculated for all variables. Heart rate, stroke volume, cardiac output, 
left cardiac work index and end diastolic volume demonstrated a good level of reliability 
(ICC > 0.75) at rest, during submaximal exercise and high intensity interval exercise. All 
other variables demonstrated inconsistent reliability across activity types and intensities. 
When using the PhysioFlow device, heart rate, stroke volume, cardiac output, left cardiac 
work index and end diastolic volume were deemed acceptable for use regardless of 
exercise type (continuous vs. interval) or intensity (low, moderate, or high). However, 






 The ability to continuously measure haemodynamic responses to exercise is 
important when assessing or monitoring individuals before, during and following acute 
and chronic exercise. For example, cardiac output has been used to determine exercise 
tolerance and cardiac function during exercise [147, 148] as well as during clinical 
responses to physiological and pharmacological stimuli [149-152]. Several methods are 
available for measuring cardiac output (see reviews: [153-156] during exercise, with the 
most common methods, based on the Fick principle, being thermodilution and dye-
dilution techniques. These techniques are both accurate and reliable [157, 158]; however, 
they are invasive and require experienced technicians. The use of Doppler 
echocardiography and rebreathing methods [155] to measure cardiac output, while non-
invasive, are themselves limited in use due to requiring an experienced technician and not 
providing beat-to-beat measurements, respectively [159, 160]. 
Bioimpedance cardiography provides non-invasive, beat-to-beat measures of 
cardiac output without the need for highly skilled technicians; however, the validity and 
reliability of these devices are equivocal [155, 161]. It is likely the reliance on the 
evaluation of baseline thoracic impedance (Z0) provides a degree of error in measurement 
for most devices as Z0 depends on multiple factors [162-165]. The PhysioFlow (Manatec 
Biomedical, France) provides an alternative as it does not rely on the evaluation of Z0 nor 
does it need to measure blood resistivity or the distance between electrodes, both which 
introduce additional measurement error [154, 165]. Previous studies have assessed the 
validity of PhysioFlow to measure cardiac output during rest and exercise against the 
direct Fick [149, 166, 167], dye-dilution [168] and rebreathing methods [169]. 
Specifically, when assessed against the gold standard (i.e. direct Fick), the PhysioFlow 
has been shown to provide accurate measures of cardiac output during rest and exercise 




167]. Additionally, studies have reported generally moderate to good reliability and 
agreement between repeated measures of cardiac output during rest and exercise [149, 
166, 169-172]. Another often overlooked measurement relevant to a device’s 
applicability is the minimal detectable difference (MDD). This measurement is defined 
as the smallest change detectable above the threshold of measurement error [173, 174] 
and provides an indication of the sensitivity of a device to detect meaningful changes. 
Knowing the MDD of all PhysioFlow measurements will provide important information 
regarding the ability of the PhysioFlow to detect differences between populations and 
changes over time. We are unaware of any study to date which has examined the 
reliability of the PhysioFlow during dynamic non-steady-state exercise (i.e. high intensity 
interval exercise) and this is important given this mode of training is increasingly being 
prescribed to both healthy and chronic disease populations [175].  
The majority of literature assessing the reliability of bioimpedance cardiography 
has focused on the measurement of heart rate, stroke volume and cardiac output. 
However, several other haemodynamic indices are provided, including variables relating 
to central systolic function [150, 176, 177], central diastolic function [178] and peripheral 
vascular function [150]. Evidence related to the validity and reliability of many of these 
measures are lacking; however, the ability to assess and monitor central systolic and 
diastolic function as well as peripheral vascular function using one device in a variety of 
exercise conditions would be cost- and time-efficient for researchers and clinicians. As 
such, the purpose of this study was to assess the intrarater reliability and agreement as 
well as to calculate the MDD of all variables measured and calculated by the PhysioFlow 
at rest, during submaximal steady-state exercise and high intensity interval exercise in a 






Twenty healthy adults (15 males; age: 26 ± 4 years; body mass index: 23.7 ± 3.0 
kg·m2) volunteered to participate in this study. Data from one subject were excluded from 
analyses due to poor signal quality during the interval section of the second trial, resulting 
in a total of 19 subjects included in the analyses. Subjects were excluded from the study 
if they presented with a history of cardiovascular or metabolic disorders. Subjects were 
required to attend the laboratory on three separate occasions during which they performed 
a graded exercise test and two experimental sessions. Each session was separated by 
seven days. Subjects were asked to avoid strenuous physical activity the day before and 
the day of testing, with all testing completed at a similar time of day. All risks and benefits 
of participating in the study were provided to the subjects and written informed consent 
was obtained prior to data collection. This study received ethical approval from the 
Murdoch University Human Research Ethics Committee (2015/146) prior to 
commencement of the study and conformed to the Code of Ethics of the World Medical 
Association (Declaration of Helsinki).  
3.3.2 Procedures 
Subjects completed all trials on an electronically braked Velotron cycle ergometer 
(RacerMate; USA) that was individually set up for each subject and kept consistent 
throughout the study. During the first visit, subjects completed a graded exercise test 
starting at 70 W, and increased 35 W·min-1 for males and 20 W·min-1 for females, until 
volitional exhaustion. The volume of oxygen consumption and carbon dioxide production 
were measured at one Hz and presented as 30-s mean values using a Parvo TrueOne 




to determine maximal oxygen consumption. The maximum power output achieved during 
this test was used to prescribe the intensity of exercise in the remaining sessions.  
The second and third testing sessions were completed in an identical manner and 
in an environmental chamber controlled at 24°C and 50 % relative humidity. Subjects 
arrived at the laboratory at least three h postprandial and in a euhydrated state. Hydration 
status was assessed using a hand-held refractometer (RHCN-200ATC Clinical 
Refractometer, G-tech, China) prior to beginning each trial. Urine specific gravity 
between 1.005 - 1.020 was classified as euhydrated, whereas values greater than 1.020 
indicated dehydration [179]. Subjects were informed that if they were not fasted or if 
presented as dehydrated, they were required to return on another day for testing, but this 
did not occur. Each session began with five min of passive rest on the cycle ergometer 
followed by two five-min submaximal cycling bouts at 50 % (140 ± 34 W) and 70 % (196 
± 48 W) of the maximum power output achieved during the graded exercise test (286 ± 
66 W). Following one min of passive recovery, subjects then completed ten 30-s cycling 
intervals at 90 % peak power output (252 ± 62 W) interspersed with 60 s of passive 
recovery. Our interval configuration is in line with previous research [180] and was 
chosen to elicit a physiological response high enough to be considered high intensity, but 
still allowing adequate rest between intervals to minimise the effect of fatigue. Power 
output throughout the trials was maintained using Velotron cycling ergometer software.  
The volume of oxygen consumed was measured at one Hz using the ParvoMedics 
metabolic analysis system. Haemodynamic responses were measured beat-by-beat using 
bioimpedance cardiography (PhysioFlow PF-07; Manatec Biomedical, France). Blood 
pressure, obtained by manual sphygmomanometry during the fourth min of the rest period 
and each submaximal cycling bout, were entered into the software to update the systemic 
vascular resistance (SVR), systemic vascular resistance index (SVRi) and left cardiac 




cycling section due to the lag time evident between entering a new blood pressure and the 
adjustments observed in SVR, SVRi and LCWi; instead, the values obtained during the 
70 % peak power steady-state exercise were used for the determination of SVR, SVRi 
and LCWi during high intensity interval exercise. While this may influence the validity 
of the data, it should have minimal influence on the reliability.  
3.3.3 Impedance cardiograph measures 
Continuous online haemodynamic monitoring was completed using the 
PhysioFlow PF-07, which uses changes in thoracic bioimpedance during cardiac ejection 
to calculate stroke volume. Detailed methodology of the PhysioFlow device has been 
described previously [166, 171, 181, 182]. Two sets of two electrodes (Ag/AgCl, Skintact 
FS-50), one ‘transmitting’ and one ‘sensing’, were placed above the supraclavicular fossa 
on the left base of the neck and at the midpoint of the thoracic region of the spine. Another 
set of two electrodes were used to monitor a single electrocardiographic signal (ECG; 
V1/V6 position). A high frequency alternating current (66 kHz) of low amperage (4.5 mA 
peak to peak) was applied through the thorax producing an impedance waveform which 
was time-corrected to the simultaneous ECG recording. Since Z0 evaluation is not 
required with the PhysioFlow device, electrode positioning is not crucial [183]. Thorough 
skin preparation (i.e. shaving, abrasion and alcohol wiping) was completed to ensure 
effective conductivity between the electrode and the skin. 
An initial stroke volume index (SVical; mL∙m
2) was calculated during the 
autocalibration phase based on 30 consecutive heart beats with the subject sitting in an 
upright position on the cycle ergometer. During autocalibration, the largest impedance 
variation observed during systole (Zmax - Zmin) and the largest rate of variation of the 
impedance signal (contractility index; dZ/dtpeak) were retained. The determination of 
SVical also depends on the thoracic flow inversion time (TFIT), acquired from the first 




equation: SVical = k ∙ [(dZ/dtmax) / (Zmax - Zmin)] ∙ W(TFITcal), where k is an empirically 
adjusted constant and W is a propriety correction algorithm. During the data acquisition 
phase, stroke volume (SV; mL) was calculated according to the equation: SV = SVical ∙ 
((dZ/dtmax) / (dZ/dtmax)cal ∙ TFITcal ∙ TFIT)
1/3 ∙ BSA, where body surface area (BSA; m2) 
was calculated according to the Haycock equation (BSA = 0.024265 ∙ height0.3964 ∙ 
weight0.5378) [184]. Cardiac output (L∙min-1) was calculated using the following equation: 
CO = HR ∙ SVi ∙ BSA, where heart rate (HR; bpm) was determined from the R-R interval 
on the first derivative of the ECG signal (dECG/t) as this provides a more stable signal. 
Cardiac index (CI; L∙min-1∙m2) was calculated as the ratio of CO to BSA. Ventricular 
ejection time (VET; ms) was measured from the dZ/dt and was defined as the time 
between the opening (B point) and closing (X point) of the aortic valve. Left ventricular 
ejection fraction (EF; %) was calculated according the Capan equation [177]: EF = 0.84 
– (0.64 ∙ PEP) / VET, where PEP is the pre-ejection period, defined as the time between 
the onset of the Q wave of the ECG and the B point. LCWi (kg∙m-1∙m2) was calculated 
according to the following equation: LCWi = 0.0144 ∙ CI ∙ (MAP - PAOP), where MAP 
(mmHg) is the mean arterial pressure calculated from the systolic and diastolic blood 
pressure entered by the user, and PAOP is the pulmonary artery occlusion pressure which 
was by default set as ten mmHg during the calibration procedure. End diastolic volume 
(EDV; mL) was calculated as the ratio of SV to EF. The early diastolic filling ratio 
(EDFR) was measured on the dZ/dt and was defined as the ratio of the O wave to the S 
wave. Systemic vascular resistance (Dyn∙s-1∙cm5) was calculated by the following 
equation: SVR = 80 ∙ (MAP – CVP) / CO, where CVP is the central venous pressure, 
which was by default set as seven mmHg during the calibration procedure. Systemic 
vascular resistance index (Dyn∙s-1∙cm5∙m2) was calculated by the following equation: 




3.3.4 Statistical analysis 
Guidelines for reporting reliability and agreement studies [185] suggest, for 
continuous variables, reliability should be assessed using intraclass correlation 
coefficients (ICC) and agreement using standard errors of measurement (SEM). Mean 
values for all variables (i.e. 19 paired measures) obtained during the final minute of the 
rest period and submaximal steady-state exercises (50 % and 70 % of peak power), were 
analysed for intrarater reliability and agreement. During the high intensity interval 
exercise, mean values calculated only for data collected during the ten intervals and not 
the recovery period (i.e. 19 paired measures) were used for analyses. Estimates of 
reliability (ICC with 95 % confidence intervals) and agreement (SEM) were calculated 
for all the PhysioFlow-derived variables during all conditions. Variables with an ICC 
greater than 0.75 were considered indicative of good reliability, while those below 0.75 
were considered poor to moderately reliable [174]. MDD using 95 % confidence intervals 
were calculated according to the following equation: MDD = z ∙ SEM ∙ √2 [173, 174], 
where z = 1.96 for 95 % confidence intervals. Differences in urine specific gravity, 
oxygen consumption and all the PhysioFlow-derived variables between trials were 
determined using a dependent t-test. All data are presented as mean ± standard deviation, 
unless otherwise noted. All statistical analyses were conducted using SPSS (Version 22, 
IBM®, USA) software, with significance set at p≤0.05.   
3.4 Results 
No differences were observed between trial one and trial two for urine specific 
gravity (1.008 ± 0.006 vs. 1.007 ± 0.005; p=0.37). Similarly, no differences were 
observed for oxygen consumption at rest (0.31 ± 0.06 vs. 0.31 ± 0.08 L∙min-1; p=0.92), 




steady-state cycling (2.86 ± 0.67 vs. 2.88 ± 0.70 L∙min-1; p=0.56), or during high intensity 
interval cycling (1.87 ± 0.46 vs. 1.82 ± 0.46 L∙min-1; p=0.24). 
 The intrarater reliability and agreement of the PhysioFlow-derived variables for 
central systolic function (Table 3.1), central diastolic function (Table 3.2) and peripheral 
vascular function (Table 3.3) at rest, during steady-state cycling and interval cycling are 
presented. HR and LCWi were greater during the high intensity interval exercise in trial 
one compared with trial two (p=0.04 and p=0.03, respectively). Additionally, EDV was 
greater during trial one compared with trial two during rest (p=0.02), 50 % steady-state 
(p=0.03), 70 % steady-state (p=0.03) and during the high intensity interval exercise 
(p=0.02). No other significant differences were observed for any other variables between 




Table 3.1 Intrarater reliability and agreement of central systolic function variables measured or calculated using PhysioFlow at rest, during 
steady-state cycling (50 % and 70 % peak power output) and interval cycling (90 % peak power output). 
  Trial 1 
(mean ± SD) 
Trial 2 
















76 ± 11 
88 ± 24 
6.57 ± 1.64 
47.28 ± 10.32 
3.56 ± 0.77 
340 ± 53 
218 ± 84 
72.56 ± 15.51 
4.54 ± 1.31 
78 ± 12 
82 ± 18 
6.25 ± 1.13 
44.66 ± 8.77 
3.53 ± 0.75 
352 ± 43 
245 ± 67 
77.36 ± 9.23 
4.24 ± 1.15 
1.5 ± 8.0 
-5.4 ± 17.2 
-0.3 ± 1.1 
-2.6 ± 9.1 
0.0 ± 0.8 
12.2 ± 53.6 
27.7 ± 77.6 
4.8 ± 15.4 
-0.3 ± 0.9 
0.86 (0.63, 0.95) 
0.81 (0.49, 0.93) 
0.81 (0.52, 0.93) 
0.71 (0.23, 0.89) 
0.60 (-0.04, 0.85) 
0.56 (-0.15, 0.83) 
0.65 (0.10, 0.87) 
0.43 (-0.47, 0.78) 






























142 ± 15 
113 ± 27 
15.78 ± 3.31 
61.00 ± 11.06 
8.56 ± 1.38 
242 ± 26 
376 ± 127 
81.20 ± 10.67 
12.73 ± 3.24 
142 ± 16 
109 ± 23 
15.29 ± 2.87 
59.06 ± 10.06 
8.71 ± 2.51 
240 ± 29 
386 ± 104 
84.93 ± 6.75 
11.88 ± 2.40 
0.3 ± 7.1 
-4.1 ± 18.2 
-0.5 ± 2.3 
-1.9 ± 10.0 
0.2 ± 2.1 
-2.7 ± 27.9 
9.7 ± 126.3 
3.7 ± 11.1 
-0.9 ± 2.2 
0.94 (0.85, 0.98) 
0.85 (0.60, 0.94) 
0.85 (0.60, 0.94) 
0.71 (0.26, 0.89) 
0.62 (0.00, 0.85) 
0.64 (0.07, 0.86) 
0.58 (-0.36, 0.84) 
0.38 (-0.61, 0.76) 






















  Trial 1 
(mean ± SD) 
Trial 2 


















171 ± 13 
115 ± 26 
19.42 ± 3.93 
61.90 ± 9.59 
10.51 ± 1.38 
215 ± 23 
378 ± 90 
81.97 ± 8.09 
16.17 ± 3.79 
171 ± 14 
110 ± 22 
18.71 ± 3.41 
59.81 ± 9.09 
10.65 ± 2.87 
223 ± 27 
390 ± 114 
84.54 ± 6.75 
15.32 ± 3.03 
0.0 ± 6.3 
-4.4 ± 13.5 
-0.7 ± 2.4 
-2.1 ± 7.1 
0.1 ± 2.5 
7.9 ± 34.2 
11.6 ±71.7 
2.6 ± 8.7 
-0.8 ± 2.4 
0.94 (0.84, 0.98) 
0.91 (0.78, 0.97) 
0.88 (0.70, 0.96) 
0.83 (0.57, 0.94) 
0.56 (-0.14, 0.83) 
0.17 (-1.15, 0.68) 
0.86 (0.64, 0.95) 
0.48 (-0.35, 0.80) 




























152 ± 14* 
117 ± 26 
17.66 ± 3.75 
63.07 ± 9.90 
9.54 ± 1.42 
218 ± 20 
393 ± 108 
81.77 ± 7.91 
14.70 ± 3.73* 
148 ± 14 
112 ± 21 
16.47 ± 2.99 
60.45 ± 8.93 
9.30 ± 2.30 
221 ± 22 
377 ± 101 
83.81 ± 6.32 
13.40 ± 2.67 
-4.0 ± 8.6 
-4.6 ± 16.3 
-1.2 ± 2.9 
-2.6 ± 8.2 
-0.2 ± 2.2 
2.7 ± 11.6 
-15.6 ± 65.6 
2.0 ± 8.0 
-1.3 ± 2.5 
0.89 (0.86, 0.92) 
0.87 (0.83, 0.90) 
0.79 (0.72, 0.84) 
0.73 (0.64, 0.80) 
0.52 (0.36, 0.64) 
0.61 (0.48, 0.71) 
0.75 (0.67, 0.811) 
0.51 (0.35, 0.63) 



















SD: standard deviation; CV: coefficient of variation; ICC: intraclass correlation coefficient; CI: confidence interval; SEM: standard error of measurement; MDD: minimal detectable 
difference; HR: heart rate (bpm); SV: stroke volume (mL); CO: cardiac output (L∙min-1); SVi: stroke volume index (mL∙m2); CI: cardiac index (L∙min-1∙m2); VET: ventricular ejection 




Table 3.2 Intrarater reliability and agreement of central diastolic function variables measured or calculated using PhysioFlow at rest, during 
steady-state cycling (50 % and 70 % peak power output) and interval cycling (90 % peak power output). 
  Trial 1 
(mean ± SD) 
Trial 2 







123.98 ± 32.40* 
52.88 ± 10.75 
107.67 ± 25.40 
49.53 ± 8.50 
-16.3 ± 26.3 
-3.3 ± 12.0 
0.74 (0.34, 0.90) 










139.23 ± 29.17* 
58.39 ± 10.26 
129.29 ± 30.25 
58.48 ± 7.43 
-9.9 ± 18.1 
0.1 ± 9.3 
0.90 (0.73, 0.96) 










140.17 ± 29.75* 
62.12 ± 14.10 
131.80 ± 30.19 
59.04 ± 12.23 
-8.4 ± 15.0 
-3.1 ± 18.4 
0.93 (0.83, 0.97) 







143 ± 30.14* 
65.05 ± 9.28 
134 ± 29.23 
65.48 ± 9.18 
-8.9 ± 15.5 
0.4 ± 7.4 
0.91 (0.88, 0.93) 





SD: standard deviation; CV: coefficient of variation; ICC: intraclass correlation coefficient; CI: confidence interval; SEM: standard error of measurement; MDD: minimal detectable 





Table 3.3 Intrarater reliability and agreement of central diastolic function variables measured or calculated using PhysioFlow at rest, during 
steady-state cycling (50 % and 70 % peak power output) and interval cycling (90 % peak power output). 
  Trial 1 
(mean ± SD) 
Trial 2 







1182 ± 295 
2083 ± 530 
1137 ± 142 
2069 ± 379 
-45.5 ± 262.6 
-13.7 ± 655.1 
0.53 (-0.23, 0.82) 










552 ± 87 
969 ± 177 
552 ± 97 
997 ± 215 
-0.1 ± 78.0 
27.4 ± 218.6 
0.78 (0.43, 0.92) 










460 ± 62 
810 ± 139 
470 ± 81 
852 ± 180 
10.0 ± 67.6 
42.0 ± 198.2 
0.72 (0.26, 0.89) 







539 ± 128 
906 ± 164 
555 ± 99 
979 ± 186 
16.3 ± 140.6 
72.9 ± 246.5 
0.40 (0.19, 0.54) 





SD: standard deviation; CV: coefficient of variation; ICC: intraclass correlation coefficient; CI: confidence interval; SEM: standard error of measurement; MDD: minimal detectable 







3.5 Discussion and conclusions 
The main objective of this study was to determine the intrarater reliability and 
agreement of all the PhysioFlow-derived variables at rest, during submaximal steady-
state exercise and high intensity interval exercise in a healthy population. Additionally, 
we have calculated MDD for all the variables during each condition to provide researchers 
and clinicians with valuable information regarding the sensitivity of PhysioFlow to detect 
changes between repeated measures. The variables demonstrating good reliability (ICC 
> 0.75) across exercise conditions were HR, SV, CO, LCWi and EDV. All other central 
and peripheral haemodynamic variables demonstrated suboptimal reliability (ICC < 0.75) 
during some or all of the rest and exercise conditions.  
3.5.1 Central systolic function 
The ability to measure HR, SV and CO is important to determine cardiovascular 
health [186] as well as monitor cardiovascular stress during exercise [147]. Our findings 
indicate a good level of reliability (ICC > 0.75) for these variables, as assessed using the 
PhysioFlow, at rest and during submaximal steady-state exercise (Table 3.1). The level 
of reliability reported in this study is consistent with the previous PhysioFlow research 
[170, 172], which has demonstrated good reliability for SV (ICC = 0.88) and CO (ICC = 
0.86) measured at peak oxygen consumption during a graded exercise test [170], as well 
as good reliability for HR, SV and CO when measured at three submaximal steady-state 
exercise workloads (40 W, 60 % HRmax and 70 % HRmax) [172]. The use of high 
intensity interval exercise is a common technique to increase health and fitness in young 
[187], ageing [188] and chronic diseased populations [189]. Extending on previous works 
[170, 172], we observed a good level of reliability for HR (ICC = 0.89), SV (ICC = 0.87) 
and CO (ICC = 0.79) during high intensity interval exercise. The use of 30-s efforts in 




is capable of obtaining reliable measures of HR, SV and CO in both steady-state and 
dynamic exercise conditions.  
In addition to HR, SV and CO, the PhysioFlow provides additional central systolic 
variables, namely CI, SVi, VET, CTI, EF and LCWi (Table 3.1). Interestingly, only 
LCWi demonstrated good reliability across conditions. The use of LCWi as measured by 
bioimpedance cardiography has been shown to distinguish between levels of left 
ventricular dysfunction during a dobutamine stress test [150] and increases in LCWi are 
consistent with aerobic exercise training [190]. These data demonstrate the clinical utility 
of measuring LCWi and, in context of our reliability data, suggest this measure would be 
valuable in future research investigating the acute and chronic responses of LCWi during 
exercise. In contrast, the measurement of EF by bioimpedance cardiography is presented 
as a time- and cost-efficient alternative to echocardiography in a clinical setting [191]; 
however, our results indicate this measure is unreliable. Our findings are not consistent 
with previous work [172] in which a good level of reliability (ICC = 0.92 to 0.97) was 
observed for the measure of EF using the PhysioFlow at three submaximal steady-state 
intensities. In the present study, measures of EF (Table 3.1) were greater than those 
reported by Schultz et al. [172]; thus, it is possible that the PhysioFlow can provide 
reliable measures of EF under a certain threshold (e.g. 61 %) and become less reliable at 
higher values possibly due to changes in sensitivity of determining VET and PEP at 
higher heart rates. Irrespective, previous studies have observed equivocal results 
regarding the validity of EF estimated by bioimpedance cardiography devices [176, 177]. 
Taken together, these data warrant caution when considering using this measure. 
It is important to note that while previous research has compared CI, SVi, VET 
and CTI between conditions or individuals, the results of the present study provide further 
insight into the confidence of these findings. For instance, Vella et al. [192] observed 1.1 




adults during steady-state cycle exercise at 65 % peak aerobic capacity suggesting excess 
body mass is associated with increased cardiac stress during moderate intensity exercise. 
However, the MDD of CI at 50-70 % of peak power output within the present study (3.61 
- 4.60 L∙min-1∙m2; Table 3.1) indicates this may not be a meaningful difference. Further, 
Boutcher et al. [193] demonstrated greater CI and SVi at rest and in response to exercise 
in trained men compared with untrained and sedentary men. VET has been inversely 
correlated with aortic pulse wave velocity and thus arterial stiffness [194] and positively 
correlated with pressure gradients in aortic stenosis [195]. The 134.6 lower resting CTI 
in obese compared with non-obese adults observed by Vella et al. [196], is greater than 
the MDD reported in the current study (126.9), supporting the conclusion that obese 
individuals do, indeed, have significantly lower cardiac contractility than non-obese 
individuals. 
3.5.2 Central diastolic function 
Resting and exercise EDV is greater in competitive compared with non-
competitive runners [197] as well as following exercise training interventions [198]. Our 
data demonstrate that the PhysioFlow can reliably estimate EDV at rest and during steady-
state and interval exercise (Table 3.2) corroborating and expanding on data from Schultz 
et al. [172]. Nevertheless, caution should be exercised when using this device to estimate 
EDV within certain situations. For instance, our data indicate the PhysioFlow is capable 
of detecting differences in resting EDV (43 mL) between competitive and non-
competitive runners [197] as they are beyond the calculated MDD at rest (Table 3.2; 36.88 
mL); however, changes in submaximal EDV (12 mL) reported after a short-term high 
intensity interval training program [198] are likely too small (MDD = 16.02 mL) to be 
considered a true effect when using this device. Bioimpedance-derived EDFR is 
analogous with the Doppler echocardiography-derived E/A ratio, a measure of diastolic 




blood pressure and aerobic capacity [199]. Given diastolic function is multifactorial 
[200], it is unlikely this measure alone is of any clinical relevance; however, when 
combined with Doppler echocardiography, it may provide useful information regarding 
central diastolic function [178]. 
3.5.3 Peripheral vascular function 
Systemic vascular resistance and SVRi estimated by bioimpedance cardiography 
have been used to assess cardiovascular responses to various physiological stimuli [152, 
201-205]. Although demonstrating the clinical utility of measuring SVR and SVRi, these 
studies did not use the PhysioFlow device. Our results demonstrate that SVRi is 
temporally unreliable at rest and during exercise, while SVR demonstrated moderate to 
good reliability during steady-state exercise and suboptimal reliability at rest and during 
high intensity interval exercise (Table 3.3). Our results are comparable with those 
reported by Schultz et al. [172] who demonstrated moderate to good reliability of SVR 
during steady-state exercise. Consequently, researchers and clinicians should 
acknowledge this limitation when considering the use of these variables. It should be 
noted that the participants in the current study were healthy and had normal BMI. It is 
possible that the findings outlined in this study are not representative of other populations, 
such as overweight and obese. However, haemodynamic changes assessed by 
bioimpedance cardiography have previously been validated in obese individuals [149, 
206], patients with chronic obstructive pulmonary disease and hyperinflation [167], and 
pregnant populations [207], suggesting bioimpedance cardiography can be used across 
various body habitus. 
Our results indicate that HR, SV, CO, LCWi and EDV demonstrated a level of 
reliability acceptable for use regardless of exercise type (continuous vs. interval) or 




other variables. Minimal detectable differences for all variables during rest and exercise 





Chapter 4 Active and inactive leg 
haemodynamics during 
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Leg order during sequential single-leg cycling (i.e. exercising both legs 
independently within a single session) may affect local muscular responses potentially 
influencing adaptations. This study examined the cardiovascular and skeletal muscle 
haemodynamic responses during double-leg and sequential single-leg cycling. Ten young 
healthy adults (28 ± 6 y) completed six one-min double-leg intervals interspersed with 
one min of passive recovery and, on a separate occasion, 12 (six with one leg followed 
by six with the other leg) one-min single-leg intervals interspersed with one min of 
passive recovery. Oxygen consumption, heart rate, blood pressure, muscle oxygenation, 
muscle blood volume and power output were measured throughout each session. Oxygen 
consumption, heart rate and power output were not different between sets of single-leg 
intervals but the average of both sets was lower than the double-leg intervals. Mean 
arterial pressure was higher during double-leg compared with sequential single-leg 
intervals (115 ± 9 mmHg vs. 104 ± 9 mmHg; p<0.05) and higher during the initial 
compared with second set of single-leg intervals (108 ± 10 mmHg vs. 101 ± 10 mmHg; 
p<0.05). The increase in muscle blood volume from baseline was similar between the 
active single-leg and double-leg (267 ± 150 μM∙cm vs. 214 ± 169 μM∙cm; p=0.26). The 
pattern of change in muscle blood volume from the initial to second set of intervals was 
significantly different (p<0.05) when the leg was active in the initial (-52.3 ± 111.6 %) 
compared with second set (65.1 ± 152.9 %). These data indicate that the order in which 
each leg performs sequential single-leg cycling influences the local haemodynamic 
responses, with the inactive muscle influencing the stimulus experienced by the 





When compared with traditional double-leg cycling training, sequential single-leg 
cycling training (i.e. exercising both legs independently within a single session) is 
associated with improved maximal cardiac output, leg blood flow and oxygen 
consumption [21] as well as greater increases in metabolic and oxidative potential of 
skeletal muscle [19]. Mechanistically, single-leg cycling results in greater leg blood flow 
and oxygen delivery to the active leg [21, 36, 37], thus providing the environment to 
achieve higher individual leg power output [19-22] and training stimulus [19, 21]. 
Importantly, differences in bulk blood flow and blood flow distribution between active 
and inactive legs during single-leg cycling have been observed [41, 84, 208]. It is 
therefore possible that the order in which each of the limbs perform exercise during 
sequential single-leg cycling (i.e. active during the initial or second set) could impact the 
cardiovascular and metabolic response of the modality; however, this is yet to be fully 
described. 
There is a growing body of literature that the contralateral leg is not 
physiologically passive during single-leg exercise. For example, femoral blood flow, 
oxygen consumption and carbohydrate utilisation are increased above resting levels in 
the inactive leg during single-leg cycling [39-41]. In addition, similar increases in muscle 
blood volume, measured by near-infrared spectroscopy (NIRS), have been observed half 
way through a single-leg graded exercise test in both the active and inactive legs [208]. 
These acute exercise responses likely contribute to improvements in leg aerobic capacity 
[24, 28, 42], endurance time [43] and femoral vein cross section area [28] of the untrained 
leg observed in studies using a single-leg cycling exercise model. Indeed, haemodynamic 
changes within inactive tissue beds has been proposed as an important mechanism 
underpinning improvements in vascular structure and function observed in untrained 




Understanding the physiological consequence of leg order during sequential 
single-leg cycling would provide valuable information for the prescription of aerobic 
exercise completed with one muscle group followed by another. Indeed, order effects 
when comparing aerobic and resistance exercise [209] or multiple resistance exercises 
[44] within a single exercise session have been observed. By contrast, no studies have 
investigated the haemodynamic and metabolic responses of aerobic exercise performed 
with different muscle groups within a single exercise session. This information is 
important in informing the exercise prescription using this training modality as well as 
training of multiple muscle groups (e.g. training lower before upper body) because 
exercise order can influence acute performance, neuromuscular activity, oxygen 
consumption and ratings of perceived exertion [44], which will likely influence chronic 
adaptations. For example, if local muscle responses during sequential single-leg cycling 
demonstrate a leg order effect and training is conducted as per Klausen et al. [21] (i.e. 
same leg first in all sessions), it is possible that each leg may experience different 
muscular adaptations. As such, alternating the starting leg could mitigate this discrepancy, 
ensuring each leg receives the same stimulus within a training program. Therefore, this 
study will, for the first time, investigate the local muscular responses of each leg using 
NIRS during a session of sequential single-leg cycling intervals. In addition, we will 
compare the mean haemodynamic response (i.e. right and left leg) during double-leg 
cycling with the active and inactive legs during single-leg cycling to ascertain the 







Ten young healthy individuals (seven males and three females, age: 28 ± 6 y, body 
mass index: 22.7 ± 2.2 kg∙m-2, VO2max: 53 ± 11 mL∙.kg
-1∙min-1, peak power output: 314 ± 
96 W) volunteered to participate in this study. At the time of this study, all participants 
were considered to be physically active and no individuals were excluded on the basis of 
their current exercise habits (aerobic- or resistance-based training). Participants attended 
a laboratory setting on four separate occasions to perform a graded exercise test, 
familiarisation session and two experimental sessions with no less than five and no greater 
than ten days between testing sessions. Participants were asked to avoid strenuous 
physical activity for at least 24 h prior to the day of testing and all tests were completed 
at a similar time of day. Written informed consent was obtained prior to data collection. 
This study received ethical clearance from Murdoch University Human Research Ethics 
Committee (2012/157) prior to the start of this study and conformed to the Code of Ethics 
of the World Medical Association (Declaration of Helsinki). 
4.3.2 Procedures 
During the initial testing session, participants completed a graded exercise test 
using an electronically braked Velotron cycle ergometer (RacerMate Inc.; Seattle, WA). 
Male participants started at a power output of 70 W increasing 25 W∙min-1 until volitional 
fatigue, while females started at 50 W increasing 20 W∙min-1 until volitional fatigue. 
Expired ventilation was collected at a frequency of one Hz and analysed for the volume 
of oxygen consumed and carbon dioxide produced using a Parvo TrueOne metabolic 
analysis system (ParvoMedics; USA). From this data, 15-s mean values were calculated 
for the determination of maximal oxygen consumption, highest 30-s average during 




During the familiarisation session, participants completed six one-min cycling 
intervals on a Velotron cycle ergometer. The session started with a standardised 15-min 
double-leg warm-up with participants cycling at 30 % and 40 % (five min at 30 % and 
ten min at 40 %) of the maximal power output achieved during the graded exercise test. 
Participants then cycled for a further five min at 50 % of the power output at the first 
ventilator threshold (88 ± 16 W) immediately followed by two one-min double-leg 
cycling intervals completed at the participant’s highest maintainable power output with 
one min of passive recovery between intervals. Following the initial two double-leg 
intervals, participants were familiarised with single leg cycling. Participants performed 
four single-leg cycling intervals (two with each leg). Each set of the two single-leg 
intervals started with five min of cycling at half the power output recorded at ventilator 
threshold during the double-leg graded exercise test (44 ± 8 W) followed immediately by 
two one-min maximal intervals with one-min passive recovery between intervals. After 
completing the intervals using one leg, the ergometer was adjusted to allow the participant 
to complete the identical procedure with the opposite leg. During the single-leg intervals 
a specially designed counterweight (10 kg) was attached to the opposite pedal to allow a 
fluid pedalling motion. Previous research has successfully used this method in both 
healthy and clinical populations [20, 36, 55, 56, 63, 80] and has shown that 
counterweighted single-leg cycling is more similar to double-leg cycling when compared 
with unassisted single-leg cycling [36, 63]. During single-leg cycling, participants rested 
their inactive leg on a chair placed directly next to the unoccupied crank arm.  
During the experimental sessions (Figure 4.1), using a cross-over design, 
participants completed one session of double-leg and one session of sequential single-leg 
intervals in a randomised and counterbalanced order. At the start of each session, 
participants rested in a supine position for ten min during which time expired ventilation 




condition, completed a 15-min standardised double-leg cycling warm-up identical to the 
familiarisation trial. In the double-leg session, participants completed six maximal one-
min intervals with one-min passive recovery between intervals. In the sequential single-
leg session, participants completed twelve (six with each leg in a sequential order as 
depicted in Figure 4.1) maximal one-min intervals with one-min passive recovery 
between each interval. During the sequential single-leg session, the order of legs (i.e. right 
first then left or left first then right) was randomised and counterbalanced. During all 
intervals, participants were instructed to produce the highest maintainable power output 
possible. Throughout each interval session, power output (Velotron cycle ergometer 
software), oxygen consumption (metabolic analysis system) and heart rate (810i, Polar; 
Finland) were measured at one Hz and mean values over the one-min intervals were 
calculated. Muscle blood volume and oxygenation in the rectus femoris muscle were 
measured during the ten-min supine rest and throughout the interval sessions using NIRS. 
Blood pressure was measured manually using an aneroid sphygmomanometer 





Figure 4.1 Schematic of experimental sessions. 
 
4.3.2.1 Near-infrared spectroscopy measures 
Muscle blood volume and oxygenation during the experimental trials were 
monitored using the NIRO-200 oximeter (Niromonitor NIRO-200, Hamamatsu 
Photonics; Japan). This system simultaneously uses the modified Beer-Lambert and 
spatially-resolved spectroscopy methods to measure changes in oxygenated 
haemoglobin/myoglobin (∆HbO2), deoxygenated haemoglobin/myoglobin (∆HHb) and 
total haemoglobin/myoglobin (∆tHb); ∆tHb = ∆HbO2 + ∆HHb, expressed in micromoles 
x centimetre (µM·cm). The contribution of myoglobin to the NIRS signal cannot be 
differentiated by near-infrared light, but is believed to be minimal (< 20 %) [211]. For 
simplicity, the abbreviations ∆O2Hb, ∆HHb and ∆tHb refer to the combined signal of 
haemoglobin and myoglobin. This system also provides a measure of HbO2 saturation, 






the dynamic balance of O2 supply and demand within the muscle microcirculation [212], 
while the changes in tHb can be considered an indirect measure of changes in muscle 
blood volume [211]. 
Each NIRS probe unit consisted of a detector (includes two silicon photodiodes) 
and an emitter probe (includes three laser-emitting diodes of 775, 810 and 850 nm), 
supported four cm apart by a rubberised shell casing. Given the penetration depth of the 
NIRS signal is almost half the emitter-detector distance (i.e. two cm), it is reasonable that 
changes in NIRS-derived variables primarily reflect that of the muscle tissue [212, 213]. 
Probe units were positioned on both limbs during double-leg and sequential single-leg 
cycling, on the quadriceps rectus femoris muscle, mid-way between the anterior superior 
iliac spine and the base of the patella. The distance from the patella was recorded and 
used for accurate repositioning during subsequent experimental trials. The probes were 
affixed using double-sided adhesive tape and covered with a soft black cloth to prevent 
movement and signal contamination from external light sources. Wire regions immediate 
to the probe were neatly secured along the participants’ thighs to minimise movement 
during cycling. Following instrumentation, the zero set procedure was applied to reset 
O2Hb, HHb and tHb values to an arbitrary zero value. TOI values are not affected by the 
zeroing procedure as it is measured in absolute values. During the ten min of supine rest 
prior to exercise, baseline NIRS parameters were established. Changes in NIRS-derived 
tHb and TOI were then normalised to mean baseline value (i.e. average of last min during 
rest). All NIRS data were sampled at six Hz and collected on data acquisition software 
(Powerlab, 16/30, AD Instruments, Bella Vista; Australia). Values were then converted 
to one-min averages for statistical analysis. Time-averaging NIRS-derived signals has 
been shown to result in better reliability, with coefficient of variation values of 4.6 % and 




4.3.3 Data processing 
Similar to previous research [19], double-leg power output was halved for 
comparison with single-leg cycling to give an indication of power output produced per 
leg. Baseline oxygen consumption measured during the final two minutes of the ten-
minute resting period of each session was subtracted from the values obtained during each 
interval to represent only the oxygen consumption related to the work bout. Work 
completed during the double-leg and sequential single-leg interval sessions were 
calculated according to the formula: work (J) = P ∙ t, where P is the average power output 
(W) produced during the intervals (i.e. six one-min double-leg intervals and each of the 
six one-min single-leg intervals) and t is the total time (s) performing intervals. Total 
work completed during the single-leg session was calculated as the sum of the initial and 
second active leg. 
4.3.4 Sample size calculation 
Sample size calculation was based on differences in per leg power output achieved 
during high intensity intervals completed with double-leg (198 ± 29 W) and single-leg 
cycling modalities (172 ± 19 W) [19]. Given the limited research on local haemodynamic 
differences between single-leg and double-leg cycling, we powered this study to ensure 
that differences in power output could be observed; thus allowing comment on the 
haemodynamic changes associated with such differences in power output. We recruited 
ten participants to ensure we had the power to observed a moderate to large effect (~0.7, 
α = 0.05 and power = 0.8). 
4.3.5 Statistical Analysis 
A single mean value for power output, work, oxygen consumption, heart rate and 




leg intervals to represent the overall session. Paired t-tests were used to compare the 
double-leg and sequential single-leg sessions. 
Power output, work, oxygen consumption, heart rate and MAP were calculated 
separately for the initial six 1-min single-leg intervals and for the second six single-leg 
intervals and compared using paired t-tests.  
Local muscular data (∆tHb, ∆TOI) collected on both legs during the six one-min 
double-leg intervals and during the first six single-leg one-min intervals were collated to 
provide one mean value to represent the mean of the double-leg, the active single-leg and 
the inactive single-leg. Differences in ∆tHb and ∆TOI between the mean double-leg, 
active single-leg and inactive single-leg were analysed using a one-way repeated 
measures analysis of variance.  
To further characterise the influence of the active leg order (i.e. active during the 
initial or second set) during the sequential single-leg interval session, local muscular data 
collected on each leg during the 12 single-leg intervals were first collated into one mean 
value to represent the active and inactive legs during the initial six and second six 
intervals. Leg one denotes the leg which was active in the initial six single-leg intervals 
and inactive in the second six intervals. Conversely, leg two denotes the leg which was 
inactive in the initial six intervals and active in the second six intervals. The percent 
change in ∆tHb and ∆TOI from the initial to second six intervals in leg one and leg two 
were analysed using paired t-tests.  
Significant main effects or interactions were analysed using a Fisher’s LSD post 
hoc analysis. Effect size (ES) estimates (Cohen’s d) were calculated to confirm the 
meaningfulness of the difference. Statistical analyses were conducted using SPSS 
(version 24; IBM; Armonk, NY) and variables were deemed significant when p≤0.05. All 





4.4.1 Whole body responses to the overall session: double-
leg versus sequential single-leg cycling 
Power output, work, oxygen consumption, heart rate and MAP during sequential 
single-leg and double-leg high intensity interval cycling are presented in Table 4.1. Power 
output (p<0.01; ES = 1.77), oxygen consumption (p<0.01; ES = 1.13), heart rate (p<0.01; 
ES = 0.59) and MAP (p<0.01; ES = 1.22) were lower during sequential single-leg cycling 
when compared with double-leg cycling. Power output produced per leg (p<0.01; ES = 
0.69) and work completed (p<0.01; ES = 0.71) were greater during sequential single-leg 
compared with double-leg cycling. 
Table 4.1 Power output, work, oxygen consumption, heart rate and mean arterial 
pressure measured during sequential single-leg and double-leg high intensity 
interval cycling. 
 Sequential Single-leg Double-leg 
Power Output (W) 176 ± 52* 290 ± 77 
Power Output Per Leg (W) 176 ± 52 145 ± 38^ 
Work (kJ) 127 ± 37 104 ± 28^ 
Oxygen Consumption (L∙min-1) 1.89 ± 0.51* 2.58 ± 0.71 
Heart Rate (beats∙min-1) 156 ± 11* 165 ± 14 
Mean Arterial Pressure (mmHg) 104 ± 9* 115 ± 9 
*Sequential single-leg less than double-leg (p<0.05) ^Double-leg less than sequential single-leg (p<0.01) 
4.4.2 Whole body responses to the sequential single-leg 
cycling session: initial versus second set of intervals 
Power output, oxygen consumption, heart rate and MAP during the initial and 
second sets of single-leg cycling intervals are shown in Table 4.2. Power output (p=0.51; 
ES = 0.09), work (p=0.51; ES = 0.05), oxygen consumption (p=0.19; ES = 0.17) and heart 
rate (p=0.29; ES = 0.00) during the intervals were not different between sets. Mean 
arterial pressure (p<0.05; ES = 0.70) was lower during the second set compared with the 




Table 4.2 Power output, work, oxygen consumption, heart rate and mean arterial 
pressure measured during the initial and second set of single-leg cycling intervals. 
 Initial Set Second Set 
Power Output (W) 179 ± 51 174 ± 55 
Work (kJ) 64 ± 18 63 ± 20 
Oxygen Consumption (L∙min-1) 1.93 ± 0.47 1.84 ± 0.57 
Heart Rate (beats∙min-1) 156 ± 12 156 ± 12 
Mean Arterial Pressure (mmHg) 108 ± 10 101 ± 10* 
*Second set less than initial set (p<0.05) 
4.4.3 Local muscular responses to double-leg and single-
leg cycling: mean double-leg versus active single-leg 
and inactive single-leg 
The responses of ∆tHb and ∆TOI in the mean double leg, active single leg and 
inactive single leg during high intensity interval cycling are presented in Figure 4.2. The 
∆tHb in the inactive single leg was smaller than the active single leg (p<0.01; ES = 1.17). 
No differences in ∆tHb were observed between the mean double leg and active single leg 
(p=0.26; ES = 0.33) or inactive single leg (p=0.13; ES = 0.76). The ∆TOI was not 
different between the mean double leg, active single leg and inactive single leg. 
 
Figure 4.2 Change in total haemoglobin (A) and TOI (B) in the mean double leg 
(DL), active single leg (SL-ACT) and inactive single leg (SL-INACT) during high 




4.4.4 Local muscular responses to sequential single-leg 
interval cycling: leg one versus leg two 
To visually represent the local muscular responses of each leg during the 
sequential single-leg interval cycling session, one-sec averages of a representative 
participant were plotted for leg one and leg two from supine rest to the end of the intervals 
(Figure 4.3). No analyses were performed on the one-sec averages.  
 
Figure 4.3 Raw values for ∆tHb of a representative participant during sequential 
single-leg cycling. Leg one was active during the initial set of intervals and inactive 
during the second set. Conversely, leg two was inactive during the initial set of 
intervals and active during the second set. 
The change in ∆tHb from the initial to second six intervals demonstrated 
significantly different (p<0.05; ES = 0.89) patterns in leg one (-52.3 ± 111.6 %) when 
compared with leg two (65.1 ± 152.9 %). Specifically, when the leg is active during the 
initial six intervals (i.e. leg one), muscle blood volume was reduced by 52.3 ± 111.6 % 
during the second six intervals when the leg is now inactive. Conversely, when the leg is 
active during the second six intervals (i.e. leg two), muscle blood volume was increased 




from the initial to second six intervals was not different (p=0.18; ES = 0.92) between leg 
one (-25.0 ± 77.1 %) and leg two (45.5 ± 76.2 %). 
4.5 Discussion 
This study investigated the cardiovascular and skeletal muscle haemodynamic 
responses to a single session of high intensity interval cycling using either sequential 
single-leg or double-leg cycling in young healthy adults. The main findings from this 
study were as follows: 1) a higher individual leg power output was produced during 
single-leg compared with double-leg cycling, 2) a reduction in mean arterial pressure was 
observed during the second set of single-leg intervals, 3) skeletal muscle blood volume 
(∆tHb) and oxygenation (∆TOI) were similar between the active single leg and mean 
double leg, and 4) the pattern of change in muscle blood volume was significantly 
different between leg one (active in initial set of single-leg intervals) and leg two (active 
in second set of single-leg intervals). 
4.5.1 Whole body responses to the overall session: double-
leg versus sequential single-leg cycling 
Absolute power output during the single-leg intervals was lower compared with 
the double-leg intervals; however, the power output produced by the active single leg was 
12 ± 2 % higher than that calculated for each leg during the double-leg condition (Table 
4.1). This finding is consistent with previous research from our laboratory which 
demonstrated a ~15 % higher per leg power output during single-leg compared with 
double-leg intervals in trained cyclists [19]. Importantly, in our previous study, greater 
per leg power output was hypothesised as the stimuli promoting enhanced cellular glucose 
transport and mitochondrial enzyme capacities following three wk of single-leg high 
intensity interval cycling [19]. We have previously hypothesised that these higher power 




and oxygen extraction during single-leg compared with double-leg cycling [21, 36, 40, 
41]. However, contradictory to this hypothesis, we observed similar increases in 
quadriceps muscle blood volume (Figure 4.2) (discussed below). 
4.5.2 Whole body responses to the sequential single-leg 
cycling session: initial versus second set of intervals 
There were no differences in power output, work, oxygen consumption or heart 
rate between the initial and second sets of single-leg intervals (Table 4.2), indicating 
similar exercise intensities. However, during the second set of intervals, MAP was 
significantly lower (Table 4.2). It is possible that the decrease in MAP was a result of 
reduced systemic vascular resistance by way of alterations in shear stress throughout the 
vasculature [114, 115] as a result of exercise and thermoregulatory mechanisms [214, 
215]. Additionally, blood pooling in the initially active leg (discussed below) may also 
have contributed to the decreased MAP during the second set of intervals because of a 
reduction in venous return of this localised blood volume. Importantly, despite this 
reduced perfusion pressure, the vasculature was able to appropriately redistribute the 
available blood to maintain performance (i.e. power output) during the second set of 
intervals.  
4.5.3 Local muscular responses to double-leg and single-
leg cycling: mean double-leg versus active single-leg 
and inactive single-leg 
∆tHb and ∆TOI were not different between the active single-leg and mean double-
leg intervals (Figure 4.2), indicating similar quadriceps muscle blood volume and 
oxygenation. These findings are consistent with previous studies demonstrating no 
differences in the quadriceps muscle activation, measured by surface electromyography, 
between single-leg and double-leg interval cycling despite the per leg power output being 




activation has been observed during single-leg cycling [79]; thus, greater knee flexion 
work [65] could have contributed to the greater per leg power output observed during 
single-leg cycling [19-22]. Alternatively, it is possible that additional areas of the 
quadriceps muscle were perfused and/or additional motor units were recruited which were 
not detected by the non-invasive methods used in the present study and that of MacInnis 
et al. [79]. Previous findings of greater improvements in quadriceps metabolic and 
oxidative potential following single-leg compared with double-leg cycling support this 
hypothesis [19], specifically as biochemical adaptations do not appear to transfer from 
active to inactive legs during single-leg cycling [32, 216]. However, as mentioned, the 
inactive leg is not haemodynamically nor metabolically dormant and thus will likely 
contribute to the peripheral stimulus experienced during single-leg cycling. 
In addition to the increase in muscle blood volume in the active single leg, there 
was also an increase, albeit smaller, in the inactive leg (Figure 4.2A). Cooper et al. [208] 
observed similar increases in muscle blood volume between the active and inactive leg 
half way through a single-leg graded exercise test; however, at peak exercise, the active 
leg demonstrated a significantly higher muscle blood volume. In addition, increases in 
femoral blood flow, oxygen consumption and carbohydrate use in the inactive leg were 
observed at submaximal exercise intensities [39-41]. Because the active single-leg and 
mean double-leg local muscular responses were similar (Figure 4.2), the haemodynamic 
responses observed within the inactive leg would likely increase the peripheral stimulus 
associated with single-leg cycling. This has important implications because previous 
research has identified that altered haemodynamic responses in the inactive musculature 
contribute to the vascular adaptations observed in muscle beds not directly related to the 
activity [115]. These data suggest that single-leg high intensity interval cycling could 
provide additional vascular and muscular adaptations beyond that which it achievable 




4.5.4 Local muscular responses to sequential single-leg 
interval cycling: Leg One versus Leg Two 
The present study is the first to demonstrate a leg order effect on blood volume 
during sequential single-leg cycling. Specifically, the increase in blood volume for leg 
two (active in the second set) was not consistent with the decrease in blood volume for 
leg one (active in the initial set), indicating possible blood pooling. This finding has 
important implications for the interpretation of previous research and future prescription 
of sequential single-leg cycling training. For instance, the majority of previous studies 
using sequential single-leg cycling training either did not specify leg order [26, 27, 29, 
30] or always exercised the right leg before the left leg [21]. On the basis of our findings, 
it is possible that differences in acute cardiovascular and metabolic response between the 
initial and second sets of sequential single-leg cycling could have influenced the outcome 
of these studies. These findings are also important in the prescription of aerobic exercise 
using multiple modalities, and thus different muscle groups, within a single exercise 
session. While this study indicates that the acute metabolic and cardiovascular response 
may be influenced by the order of exercising muscle groups, further research is needed to 
examine training adaptations associated with high intensity aerobic exercise using 
multiple muscle groups within a single exercise session. 
The findings from this study provide important information about the leg order 
effect associated with sequential single-leg cycling. However, this study is not without 
limitations. Performing twice as many single-leg compared with double-leg intervals 
could have influenced the comparison of the haemodynamic measures, specifically when 
comparing double-leg to the second set of single-leg intervals. Nevertheless, this 
methodology was chosen as it is consistent with previous training studies that have used 
sequential single-leg interval cycling [19, 25], and this methodology ensured that the total 




contractions). The use of a double-leg warm-up prior to single-leg intervals, while 
consistent with methods used in previous sequential single-leg training studies [25], could 
have influenced the local haemodynamics of both the active and inactive legs [217]. 
Nevertheless, the intensity of the warm-up was relatively low when compared to the 
intervals and performed with both legs. As such, any change in haemodynamics would 
have influenced both legs equally. Finally, tHb measures were obtained in an upright 
cycling posture yet normalised to mean resting value obtained in a supine position. It is 
possible that postural changes may have altered fluid shifts influencing tHb measures in 
this study. However, NIRS in the supine position was only used for normalisation and 
was consistent across conditions. 
4.6 Conclusions 
The present study provides insight into the potential mechanisms responsible for 
the benefits of sequential single-leg cycling. In particular, the haemodynamic responses 
of the inactive single leg will likely contribute to the overall increased peripheral stimulus 
typically observed with single-leg cycling since the active single-leg and mean double-
leg responses were similar. In addition, differences in MAP and blood volume distribution 
during sequential single-leg cycling indicates attention should be given to active leg order 
since it has the potential to alter the acute cardiovascular and metabolic responses. Future 
research should examine the leg vascular and muscular responses of sequential single-leg 
compared with double-leg cycle training to provide further insight into the mechanisms 
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This study examined the acute performance, cardiovascular and local muscular 
responses to self-paced high intensity interval exercise using either double- or single-leg 
cycling. Fifteen healthy middle-aged adults completed, on separate occasions, ten 30-
second double-leg intervals interspersed with 60 seconds passive recovery and twenty 
(ten with each leg) 30-second single-leg intervals interspersed with 60 seconds passive 
recovery. Impedance cardiography, blood pressure, muscle oxygenation and total 
haemoglobin content (near-infrared spectroscopy), oxygen consumption and power 
output were measured throughout each session. Normalised to the active muscle mass 
used during each trial, single-leg cycling resulted in lower power output (single-leg: 8.92 
± 1.74 W∙kg-1 and double-leg: 10.41 ± 3.22 W∙kg-1; p<0.05) but greater oxygen 
consumption (single-leg: 103 ± 11 mL∙kg-1∙min-1 and double-leg: 84 ± 21 mL∙kg-1∙min-1; 
p<0.01) and cardiac output (single-leg: 1407 ± 334 mL∙kg-1∙min-1 and double-leg: 850 ± 
222 mL∙kg-1∙min-1; p<0.01), compared with double-leg cycling. Mean arterial pressure 
(double-leg: 108 ± 11 mmHg and single-leg: 102 ± 10 mmHg), change in total 
haemoglobin content (double-leg: 8.76 ± 10.65 µM∙cm∙s-1 and single-leg: 13.42 ± 4.10 
µM∙cm∙s-1) and change in tissue oxygenation index (double-leg: -4.51 ± 3.56 % and 
single-leg: -3.97 ± 3.91 %) were not different between double-leg and single-leg cycling. 
When compared to double-leg cycling, single-leg cycling elicited a higher cardiac output 
relative to the active muscle, but this did not result in greater power output. These findings 
contradict previous research indicating that high intensity single-leg interval cycling may 






Single-leg cycling allows greater blood flow to the active tissue [21, 36, 37] and 
thus increased localised intensity. It is likely through these mechanisms that single-leg 
cycling provides greater muscle aerobic adaptations when compared with double-leg 
cycling [19]. Concomitantly, single-leg cycling typically results in lower heart rate and 
pulmonary oxygen consumption when compared with double-leg cycling [41, 79]. The 
comparison of the physiological responses between double- and single-leg cycling; 
however, is difficult as matching the intensity of exercise can be challenging. The most 
common approach to comparing single-leg and double-leg cycling is to use half the 
absolute workload prescribed during double-leg cycling [41, 65]. This methodology relies 
on the assumption that each leg is capable of producing exactly half the power measured 
during double-leg cycling which is an assumption that may not be correct [19] and negates 
the benefit by which exercising a smaller muscle mass (i.e. single-leg cycling) may 
enhance peripheral adaptations (i.e. greater blood flow to the active tissue).  
Within a translational setting, high intensity exercise is likely to be prescribed 
based on perceived exertion [146]. With respect to single-leg cycling, the perceived 
exertion model of exercise delivery not only overcomes the necessity for assumptions of 
power distribution, but is more ecologically valid and therefore likely provides the best 
method to compare differences in physiological responses to high intensity single-leg and 
double-leg cycling. We have recently demonstrated, in trained participants, that single-
leg power output exceeds 50 % of double-leg power during intervals completed at a 
perceived exertion of 16 ± 2 and 18 ± 1, respectively [19]. Further, heart rate during the 
single-leg intervals was lower than the double-leg intervals [19]. Increases in heart rate 
can increase ratings of perceived exertion [218]. However, our laboratory has 
demonstrated a dissociation between exercise performance, physiological responses and 




double-leg cycling [19]. This phenomenon has been demonstrated in younger untrained 
adults (Chapter Four) and trained cyclists [19]; yet, these findings have not been 
replicated in ageing populations. Given that ageing is associated with reductions in 
cardiovascular function (i.e. decrease maximum heart rate and cardiac output) [5, 34], it 
is plausible that similar to patients with chronic obstructive pulmonary disease [20], 
whole body aerobic capacity in healthy ageing populations is largely dependent on central 
limitations [35]. Using single-leg cycling in this population could avoid this limitation 
and increase the blood flow to the active muscle [37] allowing greater localised exercise 
intensity [46], similar to that observed in younger populations [19-22]. Of the acute 
single-leg cycling studies in healthy middle-aged and older adults, only graded exercise 
tests [20, 37, 46] and submaximal constant power output bouts (i.e. half the absolute 
workload prescribed during double-leg cycling) [20] have been examined. We are 
unaware of any study that has extensively examined exercise performance, cardiovascular 
function and local muscular responses to perceived exertion-based high intensity single-
leg cycling in a middle-aged population. As such, the possible efficacy of single-leg 
cycling to increased localised intensity during high intensity interval exercise in middle-
aged populations is currently unclear. 
 This study investigated the physiological responses of healthy middle-aged adults 
to a single session of high intensity interval exercise using either normal double-leg or a 
single-leg cycling modality. We hypothesised that the higher proportion of cardiac output 
available during high intensity single-leg interval cycling (HITSL) would result in higher 
muscle blood volume and per leg power output at a similar rating of perceived exertion 






Fifteen habitually active middle-aged adults (ten males and five females, age: 55 
± 8 y, body mass: 77 ± 12 kg, maximal oxygen consumption (VO2max): 37 ± 10 mL∙kg
-
1∙min-1), who were not completing any formal aerobic exercise training, volunteered to 
participate in this randomised crossover study. Participants attended the laboratory on 
four separate occasions with no less than five and no greater than ten days between testing 
sessions. The risks and benefits of participating in the study were provided to the 
participants and written informed consent was obtained prior to data collection. This 
study was approved by Murdoch University Human Research Ethics Committee 
(2014/219) and conformed to the standards set by the Declaration of Helsinki. 
5.3.2 Procedures 
During the initial testing session, participants completed a graded exercise test 
using an electronically braked Velotron cycle ergometer (RacerMate; USA) starting at a 
power output of 50 W, increasing 35 W every two min until volitional fatigue. Oxygen 
consumption and carbon dioxide production were analysed at one Hz and averaged into 
30 s intervals via a Parvo TrueOne metabolic analysis system (ParvoMedics; USA) for 
the assessment of VO2max. A dual-energy x-ray absorptiometry scan was completed using 
Discovery Series W (Hologic; USA) to determine leg muscle mass. 
 The second testing session was used to familiarise participants with the protocols 
used during the experimental sessions and was completed on a WattBike Pro cycle 
ergometer (WattBike Australia; AUS). Participants were also familiarised with the use of 
the Borg rating of perceived exertion scale (RPE) [219] which was used to prescribe 
exercise during the experimental sessions. During the five-min self-paced warm-up, 




adjust their pace for two min following the warm-up to a RPE of 11 to 13 (‘fairly light’ 
to ‘somewhat hard’), if different to their original rating. Participants then completed two 
30-s double-leg intervals at an RPE of 15 to 17 (‘hard’ to ‘very hard’) with each interval 
separated by 60 s of passive recovery. Participants then completed two 30-s single-leg 
intervals on each leg at an RPE of 15 to 17 (‘hard’ to ‘very hard’) with each interval 
separated by 60 s of passive recovery. During single-leg cycling a specially designed 
counterweight (10 kg) was attached to the opposite pedal to allow a fluid pedalling 
motion. Previous research has successfully used this method in both healthy and clinical 
populations [36, 57] and shown it to be more similar to double-leg cycling when 
compared with unassisted single-leg cycling [36, 65]. During single-leg cycling, 
participants rested their inactive leg on a 46 centimetre box placed directly next to the 
unoccupied crank arm. 
The remaining two experimental sessions were completed in a randomised order. 
Leg order during the single-leg session was also randomised. Each session began with ten 
min of supine rest, during which baseline VO2, cardiac output and vascular conductance 
were continuously measured. Immediately following this partcipants performed a five-
min double-leg warm-up at a RPE of 11 to 13. Participants then performed either ten 
double-leg intervals or 20 single–leg intervals. All intervals were 30 s in duration and 
separated by 60 s of passive recovery. All intervals were performed at an RPE of 15 to 
17. During the single-leg session participants performed, in a randomised order, ten 
intervals with one leg followed by ten intervals with the opposite leg. Cardiac responses 
(heart rate, stroke volume, cardiac output) were monitored continously using an 
impedance cardiograph system (Q-Link PhysioFlow PF-07, Manatec Biomedical; 
France) which has previously been shown to be a valid and reliable measures of cardiac 
output during rest and exercise (Chapter Three) [166]. Local muscular responses (total 




a near-infrared spectroscopy (NIRS) system (Portamon, Artinis Medical System; 
Netherlands). Oxygen consumption was monitored continuously using the Parvo 
metabolic analysis system. Power output was measured continuously through the 
WattBike Pro cycle ergometer software. Blood pressure (aneroid sphygmomanometer) 
and perceived exertion (Borg scale) were assessed following each interval. 
5.3.2.1 Impedance cardiograph 
Two electrodes placed on the left side of the neck, two on the chest and two on 
the back in line with the xiphoid process were afix to the participant per the manufacturer 
specifications for exercise testing. A high frequency alternating current (66 kHz) of low 
amplitude (4.5 mA peak to peak) was applied through the chest producing an impedance 
waveform which was time-corrected to a simultaneous electrocardiograph recording 
[166]. Heart rate, stoke volume and cardiac output were measured from this data. 
Vascular conductance was calculated as cardiac output / mean arterial pressure.  
5.3.2.2 Near-infrared spectroscopy 
Muscle blood volume and oxygenation were recorded at ten Hz by a wireless 
NIRS system. The device was placed over the right rectus femoris muscle, mid-way 
between the anterior superior iliac spine and the base of the patella, to monitor light 
absorption. The modified Lambert law was used to calculate micromolar changes in 
oxygenated haemoglobin (ΔO2Hb) and deoxygenated haemoglobin (ΔHHb) at 
wavelengths of 760 and 850 nm [220]. Change in total haemoglobin content (ΔtHb) was 
calculated as the sum of ΔO2Hb and ΔHHb and was used to indicate muscle blood volume 
[211]. Tissue oxygenation index was calculated as the ratio of ΔO2Hb to ΔtHb and was 
used to indicate muscle oxygenation [213]. Changes in ΔtHb and TOI are presented 
relative to baseline. The data collected during the single-leg session were averaged over 




half of the data are from the first round of intervals and the other half are from the second 
round. 
5.3.3 Data processing 
Baseline VO2, cardiac output and vascular conductance measured during the final 
two min of the 10-min rest period was subtracted from the mean value obtained during 
the intervals (i.e. interval plus the subsequent recovery period) to represent only the VO2, 
cardiac output and vascular conductance related to the exercise intervention. Whole body 
dual-energy x-ray absorptiometry scans were analysed using Hologic analysis software 
(Apex 4) for determination of leg muscle mass. The software automatically sectioned 
body parts and manual refinement was conducted to ensure the entire leg was included 
from the iliofemoral joint to the toes. The sum of the muscle mass of both legs was used 
for determination of normalised power output, VO2, cardiac output, and vascular 
conductance during double-leg intervals, while the muscle mass of each leg was used for 
the respective round of single-leg intervals. Absolute values were used to indicate whole 
body responses (i.e. including both legs regardless of activity), while normalised values 
were used to indicate leg-specific responses. 
5.3.4 Statistical analysis 
All variables were averaged over the ten (double-leg) or twenty (single-leg) 
intervals and the subsequent recovery period for comparison between HITDL and HITSL, 
with the exception of power output which was averaged during the intervals only. 
Additionally, as NIRS data were only collected on the right leg, analyses were only 
completed for the ten single-leg intervals during which the right leg was active. 
Differences between sessions for scale variables (i.e. power output, VO2, heart rate, stroke 
volume, cardiac output, mean arterial pressure, vascular conductance, total haemoglobin 




ordinal variables (i.e. RPE) were analysed using the Wilcoxon Signed-Rank test.  Effect 
size (ES) estimates (Cohen’s d) were also calculated. Statistical analyses were conducted 
using SPSS (version 21; IBM; USA) and variables were deemed significant when p≤0.05. 
All data are presented as mean ± standard deviation. 
5.4 Results 
No differences in resting VO2, heart rate, stroke volume, cardiac output, mean 
arterial pressure, vascular conductance, total haemoglobin content or tissue oxygenation 
index were observed between conditions (data not shown). The mean muscle mass of 
both legs was 9.10 ± 1.59 kg and the total muscle mass of both legs was 18.20 ± 3.18 kg. 
Ratings of perceived exertion were greater (p<0.05; Z = -2.04) during HITDL (16 ± 2 
units) compared with HITSL (15 ± 2 units).  
Absolute power output measured during HITDL (200 ± 86 W) was greater (p<0.01; 
ES = 2.05) than HITSL (85 ± 26 W). Further, power output normalised to the active 
skeletal muscle mass was greater (p<0.05; ES = 0.60) during HITDL (10.41 ± 3.22 W∙kg
-
1) than HITSL (8.92 ± 1.74 W∙kg
-1). 
Absolute VO2, cardiac output and vascular conductance (Figure 5.1A, C, and E) 
were greater during HITDL compared with HITSL (p<0.05; ES = 1.73, 1.36 and 0.94, 
respectively). Normalised VO2, cardiac output and vascular conductance (Figure 5.1B, 
D, and F) were greater during HITSL compared with HITDL (p<0.01; ES = 1.17, 2.00 and 





Figure 5.1 Absolute oxygen consumption (A), cardiac output (C), and vascular 
conductance (E) and normalised oxygen consumption (B), cardiac output (D), and 
vascular conductance (F) measured during high intensity double- (HITDL) and 
single-leg (HITSL) intervals. *High intensity single-leg cycling less than high 
intensity double-leg cycling (p<0.01) ^High intensity double-leg cycling less than 
high intensity single-leg cycling (p<0.01) 
Heart rate was lower (p<0.01; ES = 2.11) in HITSL (122 ± 11 bpm) compared with 
HITDL (142 ± 8 bpm). Stroke volume was not different (p=0.16; ES = 0.33) between 
HITSL (100 ± 22 mL∙beat
-1) and HITDL (108 ± 25 mL∙beat




lower (p<0.05; ES = 0.57) in HITSL (102 ± 10 mmHg) compared with HITDL (108 ± 11 
mmHg).  
Change in total haemoglobin content (p=0.21; ES = 0.63) and tissue oxygenation 
index (p=0.75; ES = 0.14) from baseline were not different between HITDL and HITSL 
(Figure 5.2).  
 
Figure 5.2 Change in (Δ) total haemoglobin content (A) and tissue oxygenation index 
(B) from baseline during high intensity double- (HITDL) (black columns) and single-
leg (HITSL) (grey columns) interval cycling in healthy middle-aged adults measured 
by NIRS. 
5.5 Discussion 
This study investigated the acute performance, cardiovascular and local muscular 
responses to self-paced high intensity interval exercise using double- or single-leg cycling 
in healthy middle-aged adults. The major findings were; 1) power output normalised to 
the active skeletal muscle mass was lower during single-leg compared with double-leg 
cycling; 2) muscle blood volume and muscle oxygenation were similar between 
conditions; and 3) oxygen delivery to the active muscle during single-leg cycling appears 
greater given the similar local muscular responses and the greater normalised cardiac 
output and VO2.  
We have previously demonstrated dissociation between exercise performance and 
physiological responses during HITDL and HITSL at similar perceived exertions in 




findings to moderately active, middle-aged adults demonstrating that at similar whole 
body perceived exertion, HITSL resulted in lower heart rate, oxygen consumption and 
power output and similar muscle blood volume and oxygenation when compared with 
HITDL. The divergent physiological responses coupled with similar perceived exertion 
suggest this model may assist in better understanding the contribution from central (i.e. 
cardiopulmonary) versus peripheral (i.e. vascular and muscular) factors, in the regulation 
of exercise intensity and performance.  
Within the present study, normalised power output was lower during HITSL, 
compared with HITDL. This is inconsistent with previous data from our laboratory which 
showed a greater leg-specific power output during self-paced HITSL compared with 
HITDL in younger adults (Chapter Four) [19]. Further, during graded exercise tests in 
healthy middle-aged and older adults, leg-specific power output during single-leg cycling 
was similar to [20] or greater than [46] double-leg cycling. It is possible that some older 
adults have a decreased ability to learn novel rhythmic movements [221] as a consequence 
of age-related reductions in cerebellar volume [222] and motor cortical plasticity [223]. 
Indeed, the only study which reported greater leg-specific power output during single-leg 
compared with double-leg cycling in healthy older adults, screened potential participants 
for cognitive impairments [46]. As such, it is possible that screening for cognitive 
impairments may be necessary when using this modality in ageing populations to ensure 
the benefits of this modality (i.e. greater leg blood flow and localised intensity) can be 
realised.  
The similar changes observed in muscle blood volume and oxygenation during 
HITSL and HITDL (Figure 5.2) is consistent with our previous data in young untrained 
adults (Chapter Four). It is likely that, similar to younger adults [79], the quadriceps 
femoris muscles were activated to the same extent during single-leg and double-leg 




were not activated to the same extent during single-leg compared with double-leg cycling, 
thereby inhibiting the increase in leg-specific power output. These data indicate that older 
adults may display different biomechanical responses when compared with younger 
adults [224] to single-leg cycling; however, this is yet to be investigated. Alternatively, 
these findings may be explained by vascular changes associated with ageing or training 
status [6, 225] which result in a reduced capacity for local oxygen delivery and 
distribution within skeletal muscle. A plateau in muscle blood volume has been observed 
during double-leg cycling at intensities greater than 60-65 % VO2max [226]. Within the 
present study, HITDL intervals were performed at 63 ± 13 %; while, the HITSL intervals 
were performed at 54 ± 18 % of whole body VO2max. When compared with HITDL, an 
increased availability of blood during HITSL allows attainment of a similar muscle blood 
volume at a lower whole body exercise intensity. These findings may be of interest for 
populations with aerobic capacity limited by peripheral function (i.e. chronic heart failure 
[186]), and whom experience increased risk of adverse cardiovascular responses while 
exercising at higher intensities [227, 228].  
Greater normalised cardiac output in HITSL compared with HITDL illustrates 
surplus blood is available to the smaller active muscle mass, and is consistent with 
previous research in healthy individuals [21]. It was not possible to elucidate whether the 
cardiac output was distributed towards the inactive leg or other essential organs such as 
the brain [115]. Indeed, it has previously been shown that blood flow to inactive tissues 
is greater during smaller muscle mass exercise [229]. This could also have contributed to 
the higher normalised VO2 observed in the current study (Figure 5.1B), since local 






Although greater normalised cardiac output was observed in healthy, middle-aged 
adults during HITSL compared with HITDL, this did not manifest into greater muscle-
specific power output. The dissociation between blood availability and power output is 
consistent with an ageing model characterised by a decrease in local oxygen delivery and 
distribution capability. These data indicate that this modality may not provide the same 
benefits in a middle-aged population as observed in younger populations. Nevertheless, 
the low cardiovascular stress, coupled with high muscle blood volume, indicate that 
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Regular exercise can reduce the risk of developing cardiovascular disease through 
risk factor modification, with high intensity exercise and more recently small muscle 
mass training providing alternatives to moderate intensity exercise. This study randomly 
assigned 53 healthy middle-aged adults (age: 62 ± 6 y) to complete 24 sessions (8 wk; 3 
d.wk-1) of exercise training, using either high intensity double-leg cycling (n=17; HITDL), 
high intensity single-leg cycling (n=18; HITSL) or moderate intensity double-leg cycling 
(n=18; MCTDL). Biomarkers of cardiovascular risk (total cholesterol, triglycerides, HDL-
c, LDL-c, glucose), anthropometry measures (body mass, body mass index, waist 
circumference, waist-to-hip ratio), resting blood pressure and aerobic capacity were 
assessed pre- and post-intervention. Total work completed was greater (p<0.01) in 
MCTDL (5938 ± 1462 kJ) compared with the HITDL (3462 ± 1063 kJ) and HITSL (4423 ± 
1875 kJ). Pre- to post-training differences were observed for waist-to-hip ratio (0.84 ± 
0.09 vs 0.83 ± 0.09; p<0.01), resting blood pressure (systolic: 129 ± 11 mmHg vs 124 ± 
12 mmHg; p<0.01, diastolic: 79 ± 8 mmHg vs 76 ± 8 mmHg; p<0.02), total cholesterol 
(5.87 ± 1.17 mmol∙L-1 vs 5.55 ± 0.98 mmol∙L-1; p<0.01) and LDL-c (3.70 ± 1.04 mmol∙L-
1 vs 3.44 ± 0.84 mmol∙L-1; p<0.01), with no differences between conditions. Additionally, 
aerobic capacity increased following training (22.3 ± 6.4 mL∙kg-1∙min-1 vs 24.9 ± 7.6 
mL∙kg-1∙min-1; p<0.01), with no differences between conditions. These findings suggest 
that all three modes of exercise can be prescribed to achieve cardiovascular risk reduction 






Cardiovascular disease (CVD) is a global epidemic [1] accounting for 
approximately 29 % of all deaths in Australia [2]. Age is identified as a non-modifiable 
risk factor for CVD [3]; thus, deaths from, and the economic cost of CVD 
disproportionately impacts ageing populations [4]. As such, a large volume of research 
exists which has examined strategies to decrease CVD risk within an ageing population 
[230, 231]. Exercise, defined as 150 min of moderate intensity or 75 min of vigorous 
intensity per wk, has been identified as the most cost-effective management strategy for 
the prevention of CVD [1, 11]. Indeed, exercise can positively modify a range of known 
CVD risk factors including; hypertension [232], dyslipidaemia [233, 234], 
hyperglycaemia [232] and obesity [232, 235]. Importantly, aerobic fitness is a key 
determinant of CVD risk with data indicating that increasing aerobic fitness can decrease 
CVD risk irrespective of other comorbidities [23]. Training interventions incorporating 
aerobic exercise (i.e. walking, cycling, jogging) are able to improve aerobic fitness with 
a majority of studies indicating a dose-dependent response [13]. Even small changes in 
aerobic fitness (>3.5 mL∙kg-1∙min-1) can have a large impact (10 – 25 %) on decreasing 
CVD mortality risk [236, 237].  
More recently, there has been a shift in exercise prescription to include the use of 
high intensity interval training to decrease CVD risk. Similar to aerobic fitness [13], other 
risk factors such as hypertension [14], dyslipidaemia [12], hyperglycaemia [15] and body 
fat [16] respond positively to high intensity exercise. At the local tissue level, high 
intensity exercise results in several beneficial adaptations (e.g. mitochondrial content and 
oxidative capacity) hypothesised to be responsible for the resulting decrease in CVD risk 
[17, 18]. As such, it is possible that exercise interventions that provide high levels of 
localised stress could be of benefit. The use of small muscle mass exercise, specifically 




enhanced muscle-specific oxygen consumption and power output when compared with 
double-leg cycling [19-22].  Furthermore, greater fat oxidation has been observed during 
single- compared with double-leg cycling [79]. To date, only four studies have examined 
the benefits of sequential single-leg cycle training (i.e. exercising both legs independently 
within a single session) in non-diseased cohorts [19, 21, 29, 55]. Eight weeks of sequential 
single-leg cycling was shown to decrease total peripheral resistance and improve leg 
oxygen extraction and aerobic capacity in young healthy individuals [21]; however, no 
comparison groups were examined. Furthermore, in a similar population, Abbiss et al. 
[19] observed superior increases in cytochrome c oxidase subunits II and IV and GLUT-
4 protein concentration after three weeks of sequential single-leg cycling when compared 
with traditional double-leg cycling. Together, these finding indicate that single-leg 
cycling could be beneficial for CVD risk; however, an absence of studies in an ageing 
population limit the translation.  
The purpose of this study was to examine the impact of eight weeks of sequential 
high intensity single-leg cycling compared with both moderate intensity and high 
intensity double-leg cycling on modifiable risk factors for CVD in a population of middle-
aged adults. We hypothesised that high intensity single-leg interval cycling (HITSL) 
would induce greater changes in whole body aerobic capacity, blood pressure, lipid 
profile, glucose and body fat when compared with high intensity double-leg interval 
cycling (HITDL) and moderate intensity double-leg continuous cycling (MCTDL). 
6.3 Methods 
6.3.1 Study design 
This was a multicentre (two sites), randomised parallel group study conducted in 
Australia. Participants were randomly allocated to one of three exercise interventions 





Fifty-three healthy middle-aged adults (16 males and 37 females, age: 62 ± 6 y, 
body mass index: 28.7 ± 4.7 kg∙m2) were recruited for this study. Participants were free 
of cardiovascular or metabolic disease, were not currently smoking (including recently 
quitting within the previous six months) and were not participating in a structured exercise 
training program (defined as more than 90 min per week of planned exercise for the 
purpose of improving health or fitness and/or performance). Participants were informed 
of the risks and benefits associated with their participation in the study and informed 
consent was obtained prior to data collection. This study was approved by Murdoch 
University and Curtin University Human Research Ethics Committees (2016/013 and 
HR80/2015, respectively), conformed to the standards set by the Declaration of Helsinki, 
and was registered with the ANZCTR (ACTRN12616000444482).  
Participant flow throughout the study is depicted in Figure 6.1. Three participants 
discontinued training due to ‘lack of time’ (n=1 HITDL, n=2 HITSL), one participant 
discontinued due to an illness unrelated to the training program (MCTDL) and one 
participant failed to begin training due to a car accident between the baseline testing 
session and training commencement (HITDL). Four participants did not receive the 
intended training intervention due to poor attendance (n=2 MCTDL, n=1 HITDL, n=1 





Figure 6.1 Participant flow chart. 
6.3.3 Procedures 
During this study, participants were required to complete three testing sessions 
and an eight-wk (three sessions per week for a total of 24 sessions) exercise intervention. 
Testing sessions were completed at baseline, at week four, and immediately after 
completing the eight-wk intervention (follow-up). At baseline and follow-up testing, 
physical activity levels, a fasting blood sample, measures of resting blood pressure and 
body composition and assessment of peak aerobic capacity were completed. At the four-
wk testing session, physical activity levels, a fasting blood sample and resting blood 
pressure were assessed. The day prior to the baseline testing session, participants were 
instructed to record their food intake which would form the basis of their standard diet to 
be replicated prior to each testing session. Specifically, participants were instructed to eat 
as they would normally but to limit high-fat foods, avoid alcohol for at least 24 h and 




sampling. Additionally, participants were instructed not to exercise for 24 h prior to the 
testing session. 
Participants completed a graded exercise test using an electrically-braked 
Velotron cycle ergometer (RacerMate; USA) to assess peak aerobic capacity (VO2peak). 
The testing protocol utilised two-min stages with consistent increases in power output 
until volitional fatigue. At the baseline session, based on the participants’ current activity 
level, the starting power output and step increase were individualised to result in 
volitional exhaustion between six to 15 min. The same protocol was used at follow-up to 
allow comparison of results. Oxygen consumption and carbon dioxide production were 
measured at one Hz using a Parvo TrueOne metabolic analysis system (ParvoMedics; 
USA). The metabolic analysis system was calibrated prior to each test using gases of 
known concentration and across various flow rates as per manufacturer specifications. 
The highest 30-s average during exercise was used to determine VO2peak.  
Heart rate, stroke volume and cardiac output were measured at 0.1 Hz using an 
automated impedance cardiograph device (PhysioFlow, Manatec Biomedical; France) 
throughout the graded exercise test with the highest ten-s average used to determine 
maximal heart rate and cardiac output. The PhysioFlow device has been shown to provide 
valid and reliable measures of heart rate and cardiac output during graded exercise tests 
in healthy adults [149]. A high frequency alternating current (66 kHz) of low amperage 
(4.5 mA peak to peak) was applied through the thorax producing an impedance waveform 
which was time-corrected to a simultaneous electrocardiograph recording [166]. Maximal 
arterio-venous oxygen content difference (a-vO2diff) was manually calculated using 
VO2peak and maximal cardiac output, as per the Fick equation. 
Height and weight were measured from which body mass index was calculated. 
Waist and hip circumference were measured and waist-to-hip ratio was calculated. A 




was completed to examine measures related to body composition. Specifically, total fat 
mass, visceral adipose tissue, total muscle mass and total bone mineral density were 
assessed. Resting blood pressure was measured manually using an aneroid 
sphygmomanometer in the supine position following ten min of quiet rest and mean 
arterial pressure calculated. 
Venous blood samples were obtained from the antecubital vein into lithium 
heparin tubes and centrifuged at 1300 rpm for 15 min. Aliquots of plasma were then 
stored at -80 °C to allow batch analysis. Total cholesterol, triglycerides, high density 
lipoprotein cholesterol (HDL-c), low density lipoprotein cholesterol (LDL-c) and glucose 
were analysed using standard procedures at PathWest, Perth, Australia. 
Physical activity levels were assessed using the Short International Physical 
Activity Questionnaire which asks participants about the time spent doing vigorous or 
moderate activities, walking and time spent sitting in the previous seven days. This 
questionnaire has been shown to provide valid and reliable estimates of physical activity 
[238]. Importantly, participants were asked to complete the questionnaire for all activities 
outside of the intervention itself. Total activity time was calculated as the sum of time 
spent doing vigorous activities, moderate activities and walking. 
6.3.4 Exercise intervention 
All training sessions were supervised by an exercise physiologist in a laboratory 
setting. All exercise sessions were conducted in groups of up to six participants using 
Wattbike cycle ergometers (WattBike Pro or Trainer, Wattbike Australia; AUS). Exercise 
intensity was prescribed according to a predetermined level of perceived exertion, using 
the Borg 6 - 20 rating of perceived exertion (RPE) scale [219]. Each session started and 
ended with a five-min double-leg cycling warm-up (RPE 11 - 13) and cool down (RPE 8 
- 10). Consistent with the American College of Sports Medicine exercise guidelines (150 




40 min at an RPE 11 - 13 using normal double-leg cycling. The HITDL group completed 
twenty 30-s double-leg intervals at an RPE 15 - 17 separated by 60 s of passive recovery. 
The HITSL group completed twenty 30-s single-leg intervals at an RPE of 15 - 17 with 60 
s of passive recovery between intervals. At the completion of the first 20 intervals, a short 
break was provided (~5 min) prior to the participants completing another 20 intervals 
with the opposite leg. The initial leg used during the first single-leg cycling session was 
randomised for each participant then alternated each session thereafter. Single-leg cycling 
was completed using a 10-kg weight attached to the contralateral crank arm [19, 25] to 
allow a fluid cycling motion. The counterweight method of single-leg cycling has been 
shown to reduce, although not completely eliminate, the biomechanical differences 
typically observed when comparing unassisted single-leg and double-leg cycling [63-65]. 
Participants in the HITSL group performed twice as many intervals as the HITDL group in 
an attempt to effectively match the work completed by each leg. Ratings of perceived 
exertion were regularly monitored throughout the training sessions to ensure participants 
were complying with the prescribed exercise intensities. Work completed during the 
warm-up, intervention and cool down was calculated using the following formula; 
 work (kJ) = (P ∙ t) / 1000,  
where P is the average power output (W) and t is the total time (s) for each exercise period 
(i.e. warm-up, intervention, cool down). Work completed during each training session 
was calculated as the sum of work completed during the warm-up, intervention and cool 
down, while total work completed for the eight-wk intervention was calculated as the sum 
of the work completed during each attended training session. Training intensity was 





6.3.5 Statistical analysis 
All analyses were conducted on an intention-to-treat basis. Linear mixed 
modelling was used to assess differences between interventions for VO2peak, maximal 
heart rate, cardiac output, and a-vO2diff, peak power output, body composition (body 
weight, body mass index, waist circumference, waist-to-hip ratio, fat mass, visceral 
adipose tissue, muscle mass, bone mineral density), blood pressure, blood markers of 
cardiovascular disease risk (total cholesterol, triglycerides, HDL-c, LDL-c, glucose) and 
physical activity levels (total active time, total sitting time). In the model, fixed effects 
were defined as time (baseline, four weeks and follow-up) and group (MCTDL, HITDL, 
HITSL) and participants were included as random effects. Significant main effects or 
interactions were analysed using Tukey’s post hoc analysis. Effect size (ES) estimates 
(Cohen’s d) were also calculated. Statistical analysis was performed using SPSS (version 
24; IBM; USA) with significance set at p≤0.05. 
To further explore the value of each modality to reduce CVD risk, we calculated 
the proportion of individuals in each group who demonstrated changes with training in 
VO2peak, LDL-c, SBP and DBP that were beyond thresholds associated with reductions in 
CVD morbidity and mortality. Specifically, an increase in VO2peak greater than 3.5 mL∙kg
-
1∙min-1 is associated with a 10 – 25 % reduced risk of developing CVD [236, 237], a 
reduction in LDL-c of 11 % is associated with 21 % reduced risk of coronary heart disease 
mortality [239] and reductions in SBP (10 mmHg) and DBP (5 mmHg) are associated 
with a 40 % reduced risk of stroke, 16 % reduced risk of coronary heart disease and 13 % 
reduced risk of all-cause mortality [240]. 
The sample size for this study was determined through a power analysis (G*Power 
3.1; Dusseldorf, Germany) using results for the primary outcome measure (aerobic 
capacity) from a meta-analysis examining the effects of aerobic exercise training on 




standardised mean difference was used for the calculation (effect size = 0.89, α = 0.05 
and power = 0.8) resulting in 12 participants per group. To increase the robustness of the 
outcome and to accommodate a 30 % attrition rate, the sample size was increased to 
minimum of 16 per group (n=48; resultant effect size = 0.38 at α = 0.05 and power = 0.8). 
6.4 Results 
There were no differences between groups at baseline for any of the physical 
characteristics listed in Table 6.1.  
No adverse events were reported during the study. Overall training attendance was 
84 ± 26 % (or 20 ± 6 out of 24 sessions), with no differences between groups (Table 6.2). 
As a percentage of the baseline double-leg peak power output measured during the graded 
exercise test, MCTDL was performed at 58 ± 8 %, HITDL at 158 ± 30 % and HITSL at 97 
± 24 %. Of the participants which completed the training intervention with >80 % 
attendance, average attendance was 23 (95% confidence interval: 22, 24) for MCTDL 
(n=15), 23 (95% confidence interval: 22, 23) for HITDL (n=14) and 23 (95% confidence 
interval: 22, 24) for HITSL (n=15). Training intensity (i.e. absolute intervention power 
output) was significantly different between all groups (Table 6.2), with HITDL producing 
the highest and MCTDL the lowest average power output. The average power output per 
leg was greater in HITDL and HITSL compared with MCTDL (p<0.01; ES = 2.53 and 
p<0.01; ES = 2.93, respectively). Although a large effect was observed, no statistical 
differences (p=0.061; ES = 0.75) in per leg power output were noted between HITDL and 
HITSL. Total work completed during the eight-wk intervention was greater in MCTDL 
compared with HITDL and HITSL (p<0.01; ES = 1.96 and p<0.01; ES = 0.91, respectively). 
No difference in the total work completed during HITDL and HITSL were detected 





Table 6.1 Participant characteristics and medication usage at baseline. 





Age (y) 62 ± 6 64 ± 6 62 ± 8 61 ± 6 
Gender 16 M, 37 F 7 M, 11 F 5 M, 12 F 4 M, 14 F 
Height (cm) 166 ± 9 167 ± 8 167 ± 9 164 ± 10 
Weight (kg) 79.5 ± 16.6 81.2 ± 15.3 80.1 ± 16.8 77.2 ± 18.2 
BMI (kg∙m2) 28.7 ± 4.7 29.2 ± 4.9 28.6 ± 4.9 28.4 ± 4.5 
Waist (cm) 91 ± 14 93 ± 14 91 ± 14 89 ± 14 
Hip (cm) 108 ± 12 107 ± 13 109 ± 12 108 ± 11 
WHR 0.84 ± 0.09 0.87 ±0.09 0.84 ± 0.10 0.82 ± 0.08 
Fat mass (kg) 28.6 ± 8.3 28.6 ± 9.1 29.0 ± 8.4 28.4 ± 7.7 
Fat mass (%) 36.9 ± 6.9 35.8 ± 7.6 36.9 ± 6.7 37.9 ± 6.7 
VAT (g) 735 ± 298 832 ± 304 699 ± 308 672 ± 273 
Muscle mass (kg) 46.6 ± 11.0 48.4 ± 9.7 46.8 ± 11.1 44.6 ± 12.4 
BMD (g∙cm2) 1.10 ± 0.16 1.10 ± 0.13 1.13 ± 0.18 1.07 ± 0.15 
Medications (n) 
   Statins 
   β-blocker 
   ACE-I 
   ARB 
   Diuretic 





























ACE-I: angiotensin-converting enzyme blocker; ARB: angiotensin II receptor blocker; BMD: bone mineral 
















time (min∙week-1) Total Work (kJ)# 
MCTDL 84 ± 22 42 ± 11 21 ± 4 - 150 5938 ± 1462 
HITDL 199 ± 67 99 ± 34 19 ± 8 20 60 3462 ± 1063 
HITSL 130 ± 49 130 ± 49 20 ± 7 20 x 2 90 4423 ± 1875 





Baseline and follow-up peak aerobic capacity data for MCTDL, HITDL and HITSL 
are presented in Table 6.3. Main effects for time were observed for absolute VO2peak (1.7 
± 0.5 L∙min-1 vs 1.9 ± 0.7 L∙min-1, p<0.01; ES = 0.32), relative VO2peak (22.3 ± 6.4 mLkg
-
1∙min-1 vs 24.9 ± 7.6 mL∙kg-1∙min-1, p<0.01; ES = 0.38), maximal a-vO2diff (95.4 ± 23.4 
mL∙L-1 vs 106.2 ± 34.1 mL∙L-1, p<0.05; ES = 0.38) and peak power output (136 ± 50 W 
vs 161 ± 63 W, p<0.01; ES = 0.44) with greater values at follow-up when compared with 
baseline. No interactions were observed. No differences in maximal heart rate or cardiac 
output were observed. Forty two percent of all participants demonstrated a change in 
VO2peak of at least 3.5 mL∙kg
-1∙min-1, the level known to reduce CVD risk [236, 237]. This 





Table 6.3 Peak aerobic capacity data. 
 
MCTDL HITDL HITSL 
Baseline Follow-up Baseline Follow-up Baseline Follow-up 
VO2peak (L∙min-1)* 1.79 ± 0.38 2.04 ± 0.53 1.68 ± 0.62 1.86 ± 0.85 1.74 ± 0.60 1.93 ± 0.61 
VO2peak (mL∙kg-1∙min-1)* 22.5 ± 5.5 25.8 ± 7.4 20.9 ± 5.5 23.5 ± 7.2 23.3 ± 8.0 26.1 ± 8.2 
Maximal heart rate (beats∙min-1) 166 ± 15 165 ± 18 164 ± 18 152 ± 17 169 ± 10 167 ± 13 
Maximal cardiac output (L∙min-1) 20.59 ± 4.38 19.25 ± 3.94 17.34 ± 4.70 16.12 ± 4.68 18.81 ±5.09 18.56 ± 3.59 
Maximal a-vO2diff (mL∙L-1)* 96.5 ± 16.7 111.1 ± 23.9 104.7 ± 26.0 93.1 ± 42.7 93.3 ± 27.1 107.9 ± 35.2 
Peak power output (W)* 136 ± 37 159 ± 58 133 ± 55 158 ± 69 139 ± 59 171 ± 64 






Baseline and follow-up body composition data for MCTDL, HITDL and HITSL are 
presented in Table 6.4. A significant main effect for time was observed for waist-to-hip 
ratio (0.84 ± 0.09 vs 0.83 ± 0.09, p<0.01; ES = 0.11), total fat mass (28.6 ± 8.3 kg vs 28.2 
± 9.0 kg, p=0.021; ES = 0.05) and visceral adipose tissue (734 ± 298 g vs 706 ± 286 g, 
p=0.019; ES = 0.10), with lower values at follow-up when compared with baseline. No 





Table 6.4 Body composition data. 
 MCTDL HITDL HITSL 
Baseline Follow-up Baseline Follow-up Baseline Follow-up 
Weight (kg) 81.2 ± 15.3 81.2 ± 15.6 80.1 ± 16.8 78.3 ± 18.2 77.2 ± 18.2 76.2 ± 18.3 
BMI (kg∙m2) 29.2 ± 4.9 29.1 ± 5.1 28.6 ± 4.9 27.9 ± 5.3 28.4 ± 4.5 27.8 ± 4.3 
Waist (cm) 93 ± 14 92 ± 12 91 ± 14 88 ± 14 89 ± 14 87 ± 14 
Hip (cm) 107 ± 13 109 ± 13 109 ± 12 108 ± 113 108 ± 11 107 ± 10 
WHR* 0.87 ± 0.09 0.85 ± 0.08 0.84 ± 0.10 0.81 ± 0.10 0.83 ± 0.08 0.81 ± 0.09 
Fat mass (kg)* 28.6 ± 9.1 29.1 ± 10.1 29.0 ± 8.4 27.7 ± 9.6 28.4 ± 7.7 26.7 ± 7.7 
Fat mass (%) 35.8 ± 7.6 36.7 ± 8.2 36.9 ± 6.7 36.0 ± 7.6 37.9 ± 6.7 36.1 ± 7.1 
VAT (g)* 832 ± 304 786 ± 297 699 ± 308 630 ± 313 672 ± 273 636 ± 237 
Muscle mass (kg) 48.4 ± 9.7 48.1 ± 9.6 46.8 ± 11.1 46.3 ± 11.7 44.6 ± 12.4 45.4 ± 13.0 
BMD (g.cm2) 1.10 ± 0.13 1.12 ± 0.13 1.13 ± 0.18 1.15 ± 0.20 1.07 ± 0.15 1.08 ± 0.16 






Baseline, 4-week and follow-up cholesterol profile, glucose and blood pressure 
for MCTDL, HITDL and HITSL are presented in Figure 6.2. The outlined variables represent 
main effects for time only as no interactions were observed for any variables. Total 
cholesterol was less (p<0.05) at follow-up (5.55 ± 0.98 mmol∙L-1; ES = 0.30) when 
compared with baseline (5.87 ± 1.17 mmol∙L-1) and 4-week testing (5.80 ± 1.15 mmol∙L-
1; ES = 0.23). Compared with baseline (3.70 ± 1.04 mmol∙L-1) and 4-week testing (3.65 
± 1.03 mmol∙L-1) calculated LDL-c was less (p<0.01; ES = 0.28 and 0.22, respectively) 
when measured at follow-up (3.44 ± 0.84 mmol∙L-1). Thirty six percent of all participants 
demonstrated a change in LDL-c of at least 11 %, a level known to reduce coronary heart 
disease mortality [239]. This change occurred in 40 % of individuals in the HITSL, 21 % 
in the MCTDL and 56 % in the HITDL conditions. 
Systolic blood pressure was lower (p<0.02) at 4-week (126 ± 12 mmHg; ES = 
0.26) and follow-up (124 ± 12 mmHg; ES = 0.43) when compared with baseline (129 ± 
11 mmHg). Diastolic blood pressure was lower (p<0.02; ES = 0.38) at follow-up (76 ± 8 
mmHg) when compared with baseline (79 ± 8 mmHg). Mean arterial pressure was lower 
(p<0.05; ES = 0.24 and 0.50, respectively) at 4-week (94 ± 9 mmHg) and follow-up (92 
± 8 mmHg) when compared with baseline (96 ± 8 mmHg). Thirty percent of all 
participants demonstrated a change in SBP of at least 10 mmHg, a level known to reduce 
the risk of stroke, coronary heart disease and all-cause mortality [240]. This change 
occurred in 19 %, 29 % and 38 % of participants in the MCTDL, HITDL and HITSL 
conditions, respectively. Forty-three percent of all participants demonstrated a change in 
DBP of at least 5 mmHg, a level known to reduce the risk of stroke, coronary heart disease 
and all-cause mortality [240]. This change occurred in 44 %, 21 % and 56 % of 





Figure 6.2 Total cholesterol (A), triglycerides (B), high density lipoprotein 
cholesterol (C), low density lipoprotein cholesterol (D), glucose (E), mean arterial 
pressure (F), systolic blood pressure (G) and diastolic blood pressure (H). *Main 
effect for time: baseline greater than follow-up, ^Main effect for time: baseline 
greater than 4-week, #Main effect for time: 4-week greater than follow-up 
Total time spent being active (reported as metabolic equivalent (MET) minutes 
per week) outside the intervention, including moderate and vigorous physical activities 




MET-minute∙week-1, Four-wk: 3326 ± 4402 MET-minute∙week-1, Follow-up: 3022 ± 
3254 MET-minute∙week-1). Total time spent sitting did not change throughout the training 
intervention (Baseline: 382 ± 168 min∙week-1, Four-wk: 366 ± 173 min∙week-1, Follow-
up: 344 ± 158 min∙week-1).  
6.5 Discussion 
The purpose of this study was to examine, for the first time, the influence of eight 
weeks of high intensity sequential single-leg cycling in middle-aged adults on CVD risk 
factors when compared with high intensity double-leg cycling and traditional moderate-
intensity double-leg cycling. The major findings from this study were; 1) high intensity 
single-leg cycling resulted in greater localised intensity and 2) all three exercise 
conditions positively influenced key CVD risk factors without significant differences 
between modalities.   
Within the current study, exercise was prescribed based on perceived exertion 
(RPE), as this form of prescription allows participants to autoregulate their exercise 
intensity to accommodate changes in fitness [103]; thus, providing a high level of 
ecological validity. Indeed, a recent study demonstrated the effectiveness of prescribing 
high intensity interval exercise using RPE in a young healthy population [146]. Using this 
method, we demonstrated that HITSL can provide greater overall session intensity when 
compared with traditional MCTDL but not HITDL (Table 6.2). However, when examined 
as a per leg power output, HITSL provided a level of localised stress exceeding both the 
MCTDL (ES = 2.93) and HITDL (ES = 0.75) conditions. This finding is inconsistent with 
previous acute single-session data from out laboratory (Chapter Three), and suggests that 
older adults may take longer to become accustomed to high intensity single-leg cycling 
when compared with younger adults.    
Changes in VO2peak have been shown to strongly predict all-cause mortality, 




intervention, exercise modality did not influence changes in VO2peak. However, across 
conditions we did observed an 11.9 ± 14.7 % increase which is greater than previously 
reported (6 ± 7 %) following eight wk of HITDL in healthy middle-aged adults [113]. This 
difference in findings may be due to the lower initial VO2peak of the participants in the 
current study (22.3 ± 6.4 mL∙kg-1∙min-1 vs 47.9 ± 3.9 mL∙kg-1∙min-1) as training 
adaptations are more rapid in individuals of lower fitness levels [11, 241]. Interestingly, 
participants in the HITSL group improved VO2peak by 12 % which is consistent with single-
leg cycle training in patients with chronic obstructive pulmonary disease (12 – 2 2%) [25, 
26]; but contradicts studies of younger untrained [21, 29, 30] and trained populations [19] 
where no benefit was observed. The proportion of individuals who met or exceed the 
change in VO2peak (+3.5 mL∙kg
-1∙min-1) necessary to reduce the risk of CVD (10 – 25 %) 
[236, 237], was lowest in the HITSL group (31 %) when compared with both the MCTDL 
(50 %) and HITDL (46 %) groups. Together these findings suggest that HITSL can be used 
in an ageing population to improve VO2peak; but, this modality may be less effective 
compared with double leg exercise at either a moderate or high intensity. 
Although no difference between modalities were observed, our 8-week 
intervention resulted in a decrease in waist-to-hip ratio (-1.2 %), total fat mass (-1.5 %) 
and visceral adipose tissue (-3.8 %). These findings are less than reported by Irving et al. 
[16] who observed a 6.8 % decrease in total fat mass and a 14.6 % decrease in visceral 
adipose tissue after 16 weeks of RPE-based high intensity cycle training in middle-aged 
women. It is likely that the differences in our findings and the lack of change in other 
variables is related to the relatively short duration of our intervention [242]. Indeed, 
advancing age is associated with reduced fat oxidation during exercise [134] suggesting 
that greater exercise volumes would be required to induce a reduction in fat mass.   
Reductions in total cholesterol and LDL-c were observed following eight wk of 




c were substantially greater than the recommended values for CVD risk (total cholesterol: 
5.87 ± 1.13 vs <5.2 mmol∙L-1, LDL-c: 3.70 ± 1.04 vs <2.59 mmol∙L-1 [239]) and although 
we observed a decrease in total cholesterol and LDL-c from baseline to follow-up, the 
magnitude of change did not result in values below threshold for CVD risk. Irrespective, 
a decrease in LDL-c of 1.0 mmol∙L-1 has been shown to decrease CVD mortality risk by 
20 – 25 % [243].  In the current study, the proportion of individuals who met or exceeded 
the threshold for change in LDL-c (-11 %) necessary to reduce coronary heart disease 
mortality (21 %) [239] was highest in HITDL (56 %) and HITSL (40 %) when compared 
with MCTDL (21 %).  In contrast to total cholesterol and LDL-c, we did not observe any 
changes in triglyceride, HDL-c or fasting glucose; however, as baseline values were 
within normal ranges (TG: 1.40 ± 0.59 vs <1.7 mmol∙L-1, HDL-c: 1.52 ± 0.26 vs >1.0 
mmol∙L-1 for men and >1.2 mmol∙L-1 for women [231], glucose: 5.52 ± 0.71 vs <5.4 
mmol∙L-1 [230]) it would be unlikely that exercise would have provided benefits to these 
areas [244]. 
Across conditions, we observed a 5 ± 9 mmHg reduction in SBP and 3 ± 7 mmHg 
reduction in DBP leading to a 4 ± 7 mmHg reduction in mean arterial pressure. These 
data are consistent with a recent meta-analysis of randomised controlled trials [245] 
reporting that regular aerobic exercise reduces daytime SBP by 3.2 mmHg and DBP by 
2.7 mmHg. Aerobic exercise alters arterial blood pressure through changes in systemic 
vascular resistance [14] which in turn is likely affected by reductions in sympathetic 
output [246], improvements in endothelial function [247] and reduced activity of the 
renin-angiotensin system [246]. The proportion of individuals in the current study who 
met or exceeded the threshold for change in SBP (-10 mmHg) and DBP (-5 mmHg) 
necessary to reduce the risk of stroke, coronary heart disease and all-cause mortality [240] 
was highest in HITSL (38 % and 56 %, respectively) when compared with MCTDL (19 % 




indicate that short term cycle training is beneficial for reducing blood pressure in an 
ageing population and HITSL may be more efficacious than double-leg cycling possibly 
due to the higher individual leg blood flow, and thus shear stress, associated with this 
modality [21, 36, 37]. 
6.6 Conclusions 
In conclusion, the present study demonstrates that short-term exercise training of 
moderate or high intensity and using double-leg or single-leg cycling can positively 
influence risk factors for CVD. However, differences between groups in the proportion 
of individuals who exceeded clinically relevant changes suggest that some modalities and 
intensities may be more efficacious than others. While double-leg cycling demonstrated 
a greater influence on VO2peak, high intensity cycling demonstrated a greater influence on 
fasting LDL-c, and HITSL resulted in a greater number of individuals demonstrating 
changes to SBP and DBP known to influence CVD risk. These findings suggest that all 
three modes of exercise should be prescribed to achieve cardiovascular risk reduction in 












 Ageing is associated with physiological changes such as reduced cardiac [5], 
vascular [6] and skeletal muscle function [7], all which contribute to reduced physical 
and functional capacity [8] and are implicated in the development and progression of 
CVD [9, 10]. Exercise training is an important preventative [11, 23] and therapeutic [248, 
249] intervention against CVD demonstrating similar, if not greater, benefits compared 
with common medical treatments [250]. Within the exercise data, the intensity of exercise 
is an important consideration for the effectiveness of an intervention. Indeed, Tjonna et 
al. [251] reported greater improvements in many CVD risk factors (e.g. fasting blood 
glucose and HDL cholesterol) and aerobic capacity following 16 weeks of high intensity 
compared with moderate intensity exercise training in patients with metabolic syndrome. 
Furthermore, in patients with heart failure, 12 weeks of high intensity exercise training 
has been shown to reverse left ventricular remodelling, increase aerobic capacity, 
endothelial function and quality of life, when compared with moderate intensity exercise 
training [188]. Importantly, age-related decreases in cardiovascular function (i.e. decrease 
maximum heart rate and stroke volume) are likely to limit the intensity of traditional 
exercise modalities [20, 37].  
Small muscle mass training (i.e. sequential single-leg cycling) can allow greater 
localised intensity [19-22] and therefore, could provide an alternative modality to 
improve health and performance in an ageing population. Indeed, training with single-leg 
cycling results in higher per leg power output when compared with traditional double-leg 
cycling and is associated with greater increases in mitochondrial oxidative capacity [19] 
and leg aerobic capacity [21]. These findings; however, have only been observed in 
younger populations (<40 y) and therefore little is known about the use of this exercise 
modality in an ageing population. One aim of this thesis was to ascertain if the higher 




associated with single-leg cycling could provide a viable alternative or complementary 
modality for reducing CVD risk in individuals already at an increased risk (i.e. middle-
aged populations). Further, given the lack of evidence regarding the acute physiological 
responses to sequential single-leg cycling, another aim of this thesis was to examine the 
central and peripheral haemodynamic and metabolic responses of younger and middle-
aged adults to sequential single-leg interval cycling and compare these with responses to 
traditional double-leg interval cycling. 
 Previous single-leg cycling studies have provided evidence of the acute 
cardiovascular influence of this modality [21, 36]. However, it is traditionally assumed 
that the inactive leg during single-leg cycling is haemodynamically dormant, beyond 
resting levels, and therefore it does not contribute to the overall exercise stimulus [38]. 
Although some contradictory evidence exists [39-41], this has been a relatively 
unexplored concept which could influence the interpretation of past [21] and future 
findings. Chapter Four therefore examined the cardiovascular and local skeletal muscle 
haemodynamic (muscle blood volume and oxygenation measured by NIRS) responses of 
each leg during sequential single-leg cycling intervals. The increase in muscle blood 
volume observed in Leg Two (inactive first, active second) did not match the decrease in 
muscle blood volume for Leg One (active first, inactive second) indicating the possibility 
that blood had pooled in the initially active leg, during the second set of intervals. This 
finding could explain the reduction in MAP observed during the second set of single-leg 
intervals as the pooled blood could have resulted in a decrease in venous return. 
Alternatively, it is possible that the decrease in MAP was a result of reduced systemic 
vascular resistance by way of alterations in shear stress throughout the vasculature [114, 
115] as a result of exercise and thermoregulatory mechanisms [214, 215].   
In addition to the altered haemodynamic responses of the active leg during single-




evidence [39-41] that both legs are metabolically active above resting levels during 
single-leg cycling. This finding is particularly important as altered haemodynamic 
responses in the inactive musculature have been shown to contribute to vascular 
adaptations observed in muscle beds not directly related to the exercise training stimulus 
[114, 115]. It is possible that the existing scientific data which has examined single-leg 
cycle training should be viewed with caution as the majority of previous sequential single-
leg cycle training studies either did not specify leg order [26, 27, 29, 30] or always 
exercised the right leg before the left leg [21]. Based on Chapter Four findings, future 
studies using sequential single-leg cycling should randomise leg order to control for this 
confounding factor.   
 It is hypothesised that greater limb blood flow [21, 36, 37] during single-leg 
cycling results in an increased ability to generate force, within a single leg, when 
compared with double-leg cycling [19-22]. Furthermore, increased localised intensity is 
suggested to be responsible for the beneficial metabolic adaptations (i.e. increased 
cytochrome c oxidase subunits II and IV and glucose transport four protein expression) 
observed following high intensity single-leg cycle training [19]. As such, it is likely that 
older adults could benefit from this training modality; however, currently very little data 
exists which has examined single-leg cycling in an older population. In Chapter Five, 
muscle blood volume and oxygenation (NIRS), cardiac function and per leg power output 
were assessed during an acute exercise bout of high intensity sequential single-leg 
(HITSL) and traditional high intensity double-leg (HITDL) cycling in healthy middle-aged 
adults. Using non-invasive measures of cardiac function (impedance cardiology) this 
study is the first to examine cardiac output during single-leg cycling in this population. 
In Chapter Three, we reported that cardiac output measured by impedance cardiography 
(PhysioFlow) demonstrated a level of reliability (ICC > 0.75) acceptable for use 




high). While absolute cardiac output (L∙min-1) was greater during HITDL compared with 
HITSL, cardiac output normalised to active muscle mass was greater during the HITSL 
condition. This finding indicates that more blood was available to the active muscle mass 
during single-leg compared with double-leg cycling, a finding consistent with research 
examining single-leg cycling in a younger population [21].  
In contrast to findings in younger adults [19] and those of Chapter Four, per leg 
power output during an acute bout of HITSL in a middle-aged population was less than 
the per leg power output measured during HITDL. This finding was not supported by the 
greater normalised cardiac output and oxygen consumption observed during HITSL 
compared with HITDL (Figure 5.1). Outcomes from Chapter Five therefore contradict 
current hypotheses which suggest that an increase in localised blood flow during single-
leg cycling results in a greater intensity of exercise [19-22]. Importantly, during Chapter 
Six, when examined as an average of the entire intervention, participants in the single-leg 
cycling condition were able to maintain a higher normalised power output during RPE-
based HITSL compared with HITDL and MCTDL. This finding indicates that older adults 
are likely to respond in a similar manner to younger cohorts; however, it may take 
multiple exercise sessions before differences in per leg power output are observed. 
Delayed adaptation to the single-leg cycling condition may be due to a decreased ability 
for older adults to learn novel rhythmic movements [221] as a consequence of age-related 
reductions in cerebellar volume [222] and motor cortical plasticity [223]. Alternatively, 
exercise intensity was regulated through a RPE-based methodology. It is possible that the 
previously sedentary older cohort was able to learn the movement patterns; however, 
multiple exercise sessions were needed to increase the participants’ ability to detect and 
use the muscular sensations to appropriately use RPE to regulate training intensity [252, 
253]. Unfortunately, from the data within this thesis it is not possible to determine which, 




 Adaptations at the local tissue level such as; mitochondrial content and oxidative 
capacity, can result in a reduction in CVD risk following high intensity exercise training 
[17, 18]. Furthermore, in a young population high intensity single-leg cycle training has 
been shown to improve localised metabolic function to a greater degree than high 
intensity double-leg cycle training [19]. Therefore, the focus of Chapter Six was to 
examine the influence of HITSL compared with HITDL and MCTDL training in a middle-
aged adult population on common CVD risk factors (i.e. aerobic capacity, fasting lipid 
profile and glucose levels, resting blood pressure and obesity levels). Irrespective of 
training intensity or volume, all three exercise conditions positively influenced key CVD 
risk factors without significant differences between modalities. Specifically, following 
eight weeks of HITSL, HITDL and MCTDL participants experienced an 11.9 % increase in 
relative VO2peak, 1.2 % reduction in waist-to-hip ratio, 1.5 % reduction in total fat mass, 
3.8 % reduction in visceral adipose tissue, 5.5 % reduction in total cholesterol, 7.0 % 
reduction in LDL-c, 3.9 % reduction in systolic blood pressure and 3.8 % reduction in 
diastolic blood pressure. The findings of Chapter Six demonstrate that short-term exercise 
training of moderate or high intensity and using double-leg or single-leg cycling can 
positively influence risk factors for CVD; thus, exercise training programs consisting of 
various intensities (moderate or high) and active muscle masses (double-leg or single-leg 
cycling) can be used to reduce in individuals’ risk of developing CVD.  
In addition to examining the mean change in CVD risk factors between 
conditions, the proportion of individuals who experienced clinically relevant change 
(CRC) in a number of specific (i.e. those risk factors with published CRC scores) CVD 
risk factors were also assessed in Chapter Six. Double-leg cycling (HITDL and MCTDL) 
demonstrated a greater influence on VO2peak, when compared to single-leg cycling. This 
finding is of importance as increases in aerobic fitness can reduce all-cause mortality 




(HITSL and HITDL), more individuals demonstrated change in fasting LDL-c above CRC 
when compared with the moderate intensity cycling group. It is likely that this finding 
was due to greater metabolic demand and ensuing adaptations in skeletal muscle oxidative 
capacity [17] during the high intensity conditions. Healthy ageing is associated with 
reduced fat oxidation during exercise which is attributed to the reduced oxidative capacity 
of skeletal muscle [134]. Importantly, high intensity exercise training demonstrates a 
superior ability to counteract the age-related reductions in skeletal muscle oxidative 
capacity when compared with moderate intensity exercise training [127, 138]. Reductions 
in arterial blood pressure beyond CRC values were more prevalent following HITSL 
compared with double-leg cycling (HITDL and MCTDL). This finding can be attributed to 
greater individual leg haemodynamic responses (Chapters Four and Five) [21, 36, 37] and 
brachial artery blood flow [125] associated with small muscle mass exercise and the 
resultant vascular restructuring which would occur when training under such conditions 
[114]. Indeed, arterial blood pressure is regulated by changes in systemic vascular 
resistance [14]. While all exercise types examined in Chapter Six are likely to ensure 
healthy ageing, from this data it may be prudent for practitioners to focus their selection 
of exercise modality when alteration of specific CVD risk factors are key outcomes of an 
exercise intervention.     
In conclusion, the findings presented in this thesis provide evidence for the 
complementary or alternative therapeutic use of sequential single-leg cycling in healthy 
populations. Specifically, we have presented evidence that the inactive leg during single-
leg cycling is not physiologically dormant and may contribute to the enhanced localised 
stimulus associated with this modality. Differences in MAP and blood volume 
distribution during sequential single-leg cycling indicates attention should be given to 
active leg order since it has the potential to alter the acute cardiovascular and metabolic 




training was shown to be as effective as double-leg cycle training, completed at either 
moderate or high intensity, at reducing CVD risk. Thus, with respect to exercise training 
for reducing CVD risk in middle-aged populations, one plus one does indeed equal two. 
7.2 Practical applications 
The practical recommendations based on the studies presented herein are: 
1. During sequential single-leg cycle training, active leg order should be alternated 
each training session to ensure each leg receives the same stimulus within a 
training program. 
2. If utilising single-leg cycling in older adults, multiple familiarisation sessions 
should be conducted to allow the individual to become accustomed to the novel 
modality. In contrast, younger adults do not seem to require as much 
familiarisation as evidenced by the differences in per leg/muscle-specific power 
output during single-leg and double-leg cycling in younger and middle-aged 
adults in acute and chronic studies. 
3. To comprehensively reduce CVD risk in ageing populations, a combination of 
moderate and high intensity aerobic exercise using large and small muscle mass 
exercises can be prescribed. 
4. Perceived exertion-based exercise prescription allows appropriate comparisons to 
be made between single-leg and double-leg cycling. Further, this method has 
demonstrable efficacy for improving CVD risk and whole body peak aerobic 
capacity following training interventions in healthy middle-aged adults.  
7.3 Future research directions 
The findings presented in this thesis provide important information regarding the 
haemodynamic and metabolic responses to small and large muscle mass exercises. 




leg cycling [21, 36, 37]), quadriceps muscle blood volume and distribution (measured by 
NIRS) demonstrated no differences between the active single-leg and mean double-leg 
cycling intervals in young (Chapter Four) or middle-aged adults (Chapter Five). It is 
possible that a portion of the greater femoral artery blood flow is directed to muscles other 
than the quadriceps muscle. In line with this hypothesis, MacInnis et al. [79] recently 
observed greater semitendinous activation and comparable vastus lateralis and vastus 
medialis activation during counterweighted single-leg when compared with double-leg 
cycling. Further, although it has never been examined, it is possible that postural muscles 
are activated to a greater extent during single-leg compared with double-leg cycling, in 
order to maintain postural and core control during the unilateral exercise [105, 106]. 
While it is likely these activation patterns would be the result of greater blood flow and/or 
distribution, there currently exists no evidence to support this hypothesis. 
The available single-leg cycle training literature which has only trained one leg 
[24, 28, 31-33, 43, 78, 89, 95-98, 112, 126] provides therapeutic evidence for the use of 
single-leg cycle training in individuals with a missing, ineffective or injured leg. The 
concept of cross-education between limbs has emerged as an important component of 
rehabilitation with the majority of this literature examining the neuromuscular adaptations 
following unilateral strength training which aims to maintain or minimise loss of function 
and symmetry following injury or immobilisation [139, 140]. However, given that CVD 
is the leading cause of death worldwide [1], the rates of cardiovascular mortality are 
increased following nonfatal strokes [254] and whole body VO2max is lower following 
amputation or stroke [46, 255], it is surprising there is not more research into the 
maintenance or improvements of cardiovascular fitness in these populations. Previous 
research demonstrates improvements in leg aerobic capacity [24, 28, 42], endurance time 
[43] and femoral vein cross section area [28] of the untrained leg are possible following 




data suggest that adaptations within the inactive, untrained leg following single-leg cycle 
training could contribute to improving whole body health and fitness in populations with 
a missing, ineffective or injured leg.  
As reported in Chapter Six, HITSL induces positive changes in traditional CVD 
risk factors (i.e. aerobic fitness, hypertension, dyslipidaemia and body fat); however, the 
effect of HITSL on more novel risk factors, such as endothelial dysfunction, remain 
elusive. Indeed, haemodynamic changes, such as blood flow and shear stress, are 
hypothesised as the primary variable responsible for adaptations in vasculature supplying 
active [114] and inactive tissue beds [115]. As such, future research should investigate 
the effect of HITSL on the function of arteries supplying active, trained (femoral artery) 
and inactive, untrained (brachial artery) areas. 
The benefit of HITSL have already been demonstrated in patients with COPD [25-
27]. Specifically, during a symptom-limited constant power test, COPD patients extended 
their cycling time by almost four-fold, increased total work by almost two-fold and 
achieved lower end-exercise ventilation, heart rate and dyspnoea during single-leg 
compared with double-leg cycling [20]. Future research should determine whether HITSL 
is also beneficial for other populations with central limitations to whole body exercise 
capacity (i.e. chronic heart failure [186]), and whom experience increased risk of adverse 
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